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PATTERNS AND PROCESSES OF SPECIES DIVERSITY
IN FRAGMENTED NORTHERN HARDWOOD FORESTS

William Bruce Draper, Department of Botany, Uriversity of Toronto
Master of Scrence. 2001
ABSTRACT

Twenty-four upland hardwood torests were examined 1o determine the influence of plant dispersal
and environmental heterogensity on the compesitionand richness of species in the forest understory.
Patterns in the dispersal attributes of established plants were evaluated in relation 10 assuciated plant

traits, microhabitals on the forest floor. and measured or inferred gradients in the availability of

moisture, murients and light.

Plant attributes that maximally explained ditferences in species richness were mode of dispersal,
habitat affinity. lite form. shade wlerance. and moisture atfinity. Environmental variables that
maximally explained species richness were stand structure, soil moisture and soil parent material.

Species richness was strongly influenced by sugar maple abundance and declined sharply on mesic.

calcium-rich sqils.

In this study. modes of dispersal were strongly carrelated with plant traits and habitat faciors that
guvern germination, ¢stablishment and persisience. The contribution of dispersal and environmental

processes o specics richness could not be distinguished. stanstically,
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1.0 INTRODUCTION

The question. "Why do some places have more species than cthers?”. has attracted atention
thraughout the history ofeeplowy. Cne reason for this 15 that the answer one gives hoth refiects. and
informs, one’s understanding of the fundamental processes that zovern the distribution and
abundance of organisms. A core issue since the late 1950's has been the identification of processes
that allow numersus species to coexist in the same enviropment. Classical models ol speeies
interactions (Grinnell 1904, Volterra 1926, Gause 19343 predict that two similar specics cannat
cpexist indefinitely on a singrle limiiing resource in a unitornm environment. In the presence of such
conditions. one species should eventually displace the other and the assemblage should be reduced
to a single species (Hutchinson 1957, 1939: Hardin 1960). How is it. then. that so many natural

nabitats are species-rich?

One produetive approach te this question has been to examine the assumptions of the classical
models; what happens if specics are not "similar”. if interactions do not proceed to equilibrium. if
there is more than one limiting resource, or. if the environment s not spatially or temporally
uniform. This research effort has generated a vast literature and many alternaiive explanations (see
Chapter 4 and reviews by Connell 1978, Huston 1979, Pickett 1981, Sousa 1984, Patraitis e of
1589, Hart and Horowitz 1991, Tilman and Pacala 1993, Ricklefs and Schluter 1993, Huston 1994,
Palmer 1994. Heywood 1995, Grace 1999). Despite this effort. a synthetic understanding that

applies at all spatial and temporal scales has not been achieved.

Interrestnial plantcommunities. a broad consensus has emerged that the environment is not spatially
and temporally uniform. Under these conditions. heterogeneity in limiting resources is expected o
promote species coexistence by increasing the probability that there will be some place. or time.
where one s competitors pertorm poorly or do not survive and where populations of one s own kind
may expand (Hutchinson 1961, Levin 1974, Warner and Chesson 1935, Comins and Noble 1985.
Hurtt and Pacala 1995). [mplicit in this perspective 1s the expectation that differences in plant traits
will lead to pattern in the distnbution of species and vanability in the composition and dynamics af

plant assemblages (Whittaker 1956, Grubb 1977 Tilman 1982. Chesson 1988).



The spatial and temporal scales al which helerogeneny comrnibutes to species diversity. and 1w
species coexisience, have not been resolved (cf, Pacala and Silander 1985, Ricklefs 1987, Comefl
and Lawton 1992, Holmes and Willson 1998, Cain of «f, 2000). A long-standing presumpuion has
been that interactions among local species and the physical cnvironment are the principal means by
which plant and animal assemblages are structured tRicklefs 1987). [t true. then the composition
and nchness of a given assemblage may be cxplained solely by relerence to procosses operating
within the local patch. The diversity of species. howuever, often lails e converge under similar
conditivns. suggesting that regional and histoncal processes, as well as unique events and
circumstances, are imporant contributars to community structure (Ricklefs 1937, Comell and

Lawton 1992, Ricklels and Schluter 19935,

Cne spatial process that is expected 1o influence the composition and richness of plant assemblages
isdispersal. Dispersal is predicted to have profound consequences for papulations and communities
sinee it governs the size and composition of the seed rain 1 Clark and Y 1995 L atfeats the probability
that diaspore will land in a site suitable tor germination (Harper 1977, Sorensen 1978, Venable and
Levin 1983). determines the inital conditions that seeds and seedlings must contront (Schupp and
Fuentes 1993), aftects the inittal spatial array ot individuals tna population ¢ Thiede and Augspurger
1993). determines who interacts wilh whom and with what intensity (Schmida and Ellner 1984,
Pacala 1986. Silander and Pacala 1990, Regs 1996, Rees er of. 19967, influences local extinction
rales by atfecting the probabiflity that declining or extirpated populations are rescued (Brown and
Kodric-Brown 1977, Halt 1993). influences the rate at which plants colonize new habitat § Halpem
et erl. 1990, Matlack 1994, Kotanen 1997, Brunet and von Oheimb 19981 and the sequence in which
thev artive (Drake P991. Fastie 1995), and. infTuences the fevel of gene Hlow within and between
populations and thus the deyree i which neighboring ptants are related { Williams and Guries 1994}
and genetic vanation s structured spatially {Levin 1981, Hamnck and Godt [997, Hamrnck er «f
1993).

The contribution of dispersal 1o observed differences in the composition and richness of individual

habitats and plant assemblages. however. is poorly understocd. One reason for this is the lowmstic

[



challenge of monitoring the dispersal of seeds and spores. Dhaspores are typteally released through
time and otien by means and over distances that cannou be readily observed. Despite a concerted
cttort to determine the dispersal reach of species { Appendix 11). uncertainty remeauns regarding the
proportion of diaspores that land beyvond the immedizte vieinity of the maternal plant {Portnoy and
Willson 1993 and regarding the freguency and importance of longer-distance dispersal events (Cain

el af 2000

One way torward has been the use of indirect measures. such as the proportion of established taxa
dispersed by a given mode. o charcrerize the dispersal spectra associated with particular habitas
t Dansereau and Lems 1937, Frenkel 1970, Pojar 1974, L utensteiner 1979, Ellner and Shmida 1981,
Hoehne 1981, Moron and Hogg 1989, Willson e ol 19907 and plant traits (Westaby er wf 1990,
Hughes ef of. 1994, Leishman er wd. 19935, Mabry erof. 20003, The data trom these studies, while
limited. have found pattern in the relative frequency of dispersal modes and bread similarities in the
dispersal spectra of similar habitaws. [n the temperate forests of vastern North America. dispersal by
amimal ingestion. unassisted means, and wind is oy picably more trequent than dispersal by ants.
anirnal adhesion and mechanical expulsion { Table 1.1 The wxa of wetland and disturbed habitas.

tn contrast, may tvpically be dispersed by the wind.

The use ot indirect measures. however. makes it difficolt to determine whether the pattern in the
distnbution and compesition of speeies 18 due o the thilure of sceds w land there (Dispersal
limitaton}. germinate there (recruitment limitadonh. or. petsist there (survival limitation {Schupp
and Fuentes 1993). This creates a measure of uncertainty with respect ta causation and ambiguity
with respect to the contribution of plant traits that may be correlated wish dispersal, Pattern in the
dispersat attributes of established plant assemblages. therefore, may be inherently ambiguous with

respect to the mechanisms that give rise 1o it.

Those wha wish ta examine the contribution of dispersal ar the scale of habiwuts and landscapes
reluctantly aceept such ambiprurty in the expeciation that pattern reveabed through the use ol indirect

methods will provide 2 starting point for future cesearch with more revealing methods.
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Table 1.1 Comparison of dispersal specira In plant communities of breadly simifac sttucture incasteen North America. Cell entries = mean
percent of flora {relerences 1, 2, 3, this study), median percem of Hlora (reference 4) . n = number of slands. Modes ol dispersal: Al=animal
ingestion, AA=animal adhesion, AC=animal conveyance {ants), A{s{ )=animal dispersed, ML=mechamieal expulsion, L=unassisted,
O=other (man). Sourees: 1. Dansereau and Lems 1957; 2, Hoehne 1981 3. Morton and Hogp 1989; 4. Willson eral 1990, See origina)
sources lor deluils reparding size and aliributes of the sampled flora.

Mode of Dispersal
Community Al AA AC | Aty [ wind | ME U Water | O

Deciduous Foresis:

Hlinois, Michigan, Tennesses! (n=4) a0 7 10 45 18 3 ié - -

uehes: climax' (n=3) - - - 39 43 - 17 - -

Ouebes: disturbed' {n=3) - - - 26 62 - 12 - -

Wisconsin: forest islands 1951° (n=4} 23 15 3 4] () q 19 5

Wisconsin: lorest ishimds 19737 (n-d) 26 9 L1 16 3 3 i3 f

This Study {n=24) 17 13 Lib 40 3l 5 22 -
Conifer Forests:

Minagsata' {(n=1% Ll i 7 i2 K] L 14 - -

Quebee! {n=1} - - - 29 i - - - -
lsland Flora:

Omarie’ (n=1} 42 M . il 23 - - 63 6
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The prineipal motivation for this thesis has been o gain a cleaver understanding of the roles of
dispersal and environmental heterogeneity in structuring the composition and richness of species in
the forest understory. The forests in this study are isolated fragments of the pre-settlement forest of
the Huron-Ontario Section of the Great Lakes - St. Lawrence Forest Region (Rowe 1972). The
effects of forest fragmentation are considered only brictly. however. since the methods of the thesis

cannot readily distinguish their effects from the effects of within-patch processes.

Ohjectives of the Thesis

i Tocharacterize the dispersal profile of established plants in the undetstory of sampled forest
patches;
i1 To identify the environmental factors and plant traits that best explain observed differences

in the composition and richness of established plants in the understory of sampled forest

paiches:

i)  To compare the degree to which environmental factors and plant traits explain observed

differences in species richness in the understory of sampled forest paiches.

General Approach

[n keeping with recent studies, the principal method for investizating the influence of dispersal on
plant assemblages will be the comparison of the proportion of taxa dispersed by a given mode in
contrasting habitats and envirenmental states. Ambiguily with respect to causal Factors remains but
has been minimized by recording the distribution ot species in relation to uniform microhabitats and
by considering the contribution of associated plant traits that may independently influence the
dismbution of species or constrain the mode of dispersal. The latter method draws on long-standing
initiatives to identify and evaluate pattern in relation o species groups with similar structural or
functional traits (.g. Raunkiaer [934, Root [967. MacArthur and Wilson 1967, Grime 1977, Noble
and Slayter 1980, Willson er af. 1990, Leishman and Westoby 1992, Smith ef ol 1997).



The first objective of the thesis was achieved by conducting a spring and surnmer sarvey of 1wenly-
four forest patches in the general viginity of Peterborough. Ontario. and. by characterizing the
apparent mode of dispersal of 413 species of vascular plants in relation o the merphology and
known properties of the diaspore. Plant traits that may independently influence the distribution of

species or modes of dispersal were also characterized with reference to published sources.

The vegetation survey was conducted in relation to a field-based classification of microhabitats that
characterized uniform condiiions within each 10m x 10m quadrat with respect to canopy closure.
soil moisture, substrate, and disturbance. This approach provided insight into the scale of spatial
heterogeneity within the forest and the degree to which this heterogeneity was associated with

differences in species compasition. richness. and functional traits.

The second objective of the thesis was achieved by collecting soil samples and ficld data w0
characterize the moisture and ferility of forest soils. the composition and structure of forest trees.
and site disturbance. The base cation status, soil pH and percent sail organic matter were determined
by laboratory analysis; percent canopy closure was determined by hemispherical phatography.
Pattern in the composition and distribution of species and plant traits was evaluated by derrended
correspondence analysis{DCA) and canonical correspondence analysis (CCA). The degree to which
ettvironmental variabies and plant traits explained differences in species richness in 10m x 10m

quadrats was determined by simple linear regression.

The third objective of the thesis was achieved by mulliple linear regression and detrended
correspondence analysis (DCA). The latter analysis. suggested by Dr. R. Hansell. Instte of
Environmental Studics. University of Toronto, provided 2 graphical method for determining the
degree 10 which enviranmental and dispersal variables accounted for the same fraction of variance

sununarized by multiple hnear regression.

Structure of the Thesis

{Chapter 2 describes the sampling protocol and methods associated with the vegetation survey and



environmental inventory, summarizes the relationships among key environmental vanables; and.
identifies the environmental factors and plant trafis that influence the distribution and composition

of species in the forest understory.

Chapter 3 describes the procedure for classifying modes of dispersal and plant traits; and. identifies
patterns in the distribution of dispersal modes in relation to life fornm. life history. provenance.
modality. fruitty pe. taxonomic rank. habitat affinity. envirerumental gradients, microhabitats, species

trequency class. species richness class. plant cover class. patch size. and, patch tsoladon.

Chapter 4 desctibes the methods for identifying and compating the contribution of variables to
species richness; and, identifies the degree to which environmental variables and plant traits
ndividually. and collectively. explain cbserved differences in species richness in 10m x 10m
quadrats.

Chapter 3 presents the prineipal findings and conclusions of the thesis.

Chapter & summarizes the cited literature,

Appendices: Supporting information original to the thesis is presented in Appendices | to 10.

Contextual informatian compiled from secondary sources is presented in Appendices |1 to 14



2t ENVIRONMENTAL PATTERNS

21 Introduction

Spatial and temporal heterogeneity in conditions that povern the germination. establishment, growth
and reproduction of plants is a striking feature of natural enviropments. In the presence of
heterogeneiry. differences in plant traits are expected 10 create pattern in the distribution of species
and varizhility inthecompasitionand dynamics of plant assemblages { Whittaker 1936, Levin 1974,
Grubb 1977, Tilman 1982, Chesson 1986). Vanatian in the availability of limiting resources is
expected to promote species coexistence by increasing the probability that there will be some place.
or time, where competitors perform pootly or do not survive and where populations of low
abundance may expand {Hutchinsen 1961, Levin 1974, Warner and Chesson 1983, Comins and
Noble 1985, Hurtt and Pacala 1995). Coexistence under these circumstances requires that species
be ecologicaily distinet since the populations of rare species cannot atherwise expand in the presence

of species that are more abundant (Chesson 1991, Pacala and Tilman 1994).

In the temperate forests of eastern North America, envitonmental heteropeneity may be created at
a variety of spatial and temporal scales. [nfluential processes that operate at Inrge spatial or temporal
seales inelude placiation (Hills 19532, Peet and Christensen 1980, Howell and Wankat (981
pedogenesis (McFadden er af. 1994, Reich er af. 1997). plant migration ( Davis 1981a). succession
{rlenn-Lewian ef el 1992), forest stand development (Qliver and [Larson 1996), periadic outbreaks
of pathogens (Davis 1981b. Perry and Moore 19871 periodic storm events [Oliver and Stephens
1977, Frelich and L.otimer 1991), periodic extremes in precipitation and tempermture {Tilman and
Downing 1994). periodic fire events (Nowacki er al 1990, Reich ef wf. 15990). chance colonization
avents and sequences (Drake 1991, Fastie 1993). vepetation and soil feed-back processes (Walt

(947, Fox 1977. Pastor ef af. 1984, Frelich ¢f af 1993). and. past land use practices { Pettit ef al.
L9035, Moizin e af 1996).

In contrast, processes that operate at smait spatial scales. and over short time frames, are typically
plant-based processes such as the upiake of motsture and nutrients (Tilman {932, 1988: Roberston

ef cf. 1988), dispersal (Levin 1978, Roughgarden 1977 Pacaia 1987, Portnoy and Willson [993).



germination {Grubb 1977, 1986). recruitment { Hurtt and Pacala 1995). the creation of space through
plant death (Chesson and Warner 1981, Tilman 1994). competitive interactions {Goldberg and
Barton 1992, Gureviich er ¢f. 1992, Bengtsson ef &f. 1994), and, herbivary (Whitney 1984).

(1 the northern hardwood forest, an impertant source of heterogeneity (s the forest cancpy. Canopy
trees influence the quantity, spectral quality and phenology of lieht received at the farest tloor
(Minkler and Woerhiede 1963, Hom 1971, 1973, Brewer 1980, Messier and Bellefleur 1988,
Canharn ¢f af. 1990, Canham and Burbank 1994}, the availability of nutnients and moiswre in the
rooting zone of forest soils (Aber ef af 1991, Pastor and Past 1986, Zinke 1962, Crozier and Boarner
1284.1986, Leininger and Winner 1988, Boemer and Koslowsky [989). the quantity and quality of
¢oarse woody debris on the forest fioor {Harmon et e, 1986, Hale and Pastor 1998Y, the probability
and size of tree pits created during wind-throw events { Putz er af. 1983), and the timing and size of
gaps in the forest canopy (Lotimer ef of [988. Lorimer 1989, Frelich and Lorimer 1991).
Mechanisms that contribute to these etfects include difterences in canopy architecture (Hom 19713,
seasonal patterns of development and senescence (Brewer 19800 tissue and leaf litter chemisery
{(Vitousek 1982, Melillo ef of, 19823, mechanical femness (Mergen 1954, response to wind-throw

{ Beatry and Stone 1986}, and life span (Lorimer 1989,

The spatial scale at which heteropeneity contributes 1o species coexistence is influenced by the
dispersal properties of potentially competing plants.  "'or most plants. the fraction of propagules
dispersed beyond the immediate vicinity of the parent declines sharply with distance, creating seed
dispersal curves with long tails (Portnoy and Willson 1993). Most propagules travel only metres to
tens of metres from the parent piant and the most tmportant dispersal outcome may be achieved
within 1-2 canopy diameters of the maternal parent (Appendix 1!1: Hughes er af. 1994} At this
distance, dizpersal is a non-limiting process and pattern in the distribution and compeosition of

species 1s governed primarily by factors governing germination. estabiishment and persistence.
Recent studies sugpest that dispersal over this distance may be an important precondition for the
coexistence ol species (Atkinson and Shorrocks 1981: Shmida and Ellner 1984; Pacala 1986, 1987:

Pacala and Silander 1987; Rees ef af. 1996). Rather than interact with 2 number of individuals in
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a plant assemblage. and thereby experience the average density of the population. plants interact
primarily with individuals that lie within i canopy or root erown diameter (Harper 1977, Pacala and
Silander 1985, Venable and Brown 1993). [nthe forest understory, this means that the distance over
which most plants competitively interact is on the order of centimetres to metres, When the
dispersal distance of plants is short. siblings tend to aggregate into monospecific clumps and
campeting species become segregaied spatially. Under these circumstances, individuals tend ta
comnpete mare with their own kind than with others and thus ¢reate the primary conditions tor

coexistence(Schmida and Ellner 1984, Pacala 1987, Lavorel er af. 1994).

When the dispersal reach of plants extends bevond the neighborhood in which plants compete. an
increasing number of seeds land in environments that are less faverable than the home patch. and.
a declining number of conspecific seeds land in close proximity 1o one another. These conditions
reduce the tendency for monospecific clumping by favoring small founding populations and low
fecundity. Under these circumstances. coexistence is facilitaled by the spatial sepregation of
competitors when seeds land in empty but suitable environments {Hurtt and Pacala 1993, Halmes
and Wilsan 1998), and, by reversals in relative competitive streneth when more widely dispersed
seeds germinate next to weaker competitors or 10 stronger competitors weakened by less favorable

settings (Chesson and Case 1986).

Pattern in the response of species to environmental variation has been examined at a variety of
spatial and temporal seales. One pattern that has attracted increasing attention in recent years is the
response of forest plants on contrastung geological substrates (Curtis 1959, Buell er al. 1966, Peer
and Christensen 1980. Howell and Vankat 1981, Pregitzer and Barnes 1982, Pastor ef af. 1984, Zak
et al. 1986, Hoster of 1988, Palmer 1990, Whitney 1991, Host and Pregitzer 1992, McFadden er
af. 1994, Kobe erai. 1995, Kobe 1996, Reich er @, 1997, van Breeman ef af. 1997, Hutchinson e
al, 1999}, Marked contrasis in the composition and richness of specics observed within the forest
canopy. and on the forest foor. have typically been attributed to gradients in meisture and fertility
associated with differences in the bedrock. soil paremt material. and degree of soil weathenny (sail

order).
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The relative importance of moisture and nutnents to differences in forest composition and
productivity i3 a long-standing 1ssue that has been criically re-examined in several recent papers
(cf. Pastor ef af 1984, Pastor and Post 1986: Reich er ol 1997 Kobe ef af. 1995, Kobe [696, van
Breeman ef @l 1997). This research has contnibuted 10 a rethinking of the relative importance of
plant and soil based processes 10 nutrient dynamics in porth temperate forests, and. has stimulated
research imto the relative importance of nitrogen and base cations to the distribution and relative

abundance of important canopy trees such as sugar maple.

The calcium-based explanations proposcd by Kobe ef of. (1995} and Kobe {1996} to account for the
marked decline in juvenile sugar maple mortality on calcium-rich soils in northwestern Connecticut
(see Section 2.4) have broad phytogeographic and ceological importance since they provide a
mechanistic basis for the predominance of sugar maple in the Mapie-Basswond, and Beech-Maple,
forest regions {Braun 1930), and, {or the preater shade tolerance of sugar maple. and red spruce

(McLaughlin er af 1991). on calcium-rich soils.

Study Objectives: The principal objective of thus chapter is to identily the envirotunental factors
that influence the distribution and composition of plants in the understory ot sampled torest patches.
Plant response is examined in relation o inferred pradients in limiting resources and Lo apparent
microhabitats in the forest understory,  Pattern in the distribution of dispersal modes in relation to
microhabitats and environmental gradients will be examined in Chapter 3. The contribution of

environmental and dispersal factors to species diversity will be compared in Chapter 4.

2.2 Methods
1.2.1 Selection of Study Sites

Twenty-four forest patches {Appendix 1) were chosen to reflect a range of patch sizes in twe
[andsecapes of contrasting forest fragmentation (Table 2.1). The forest patches were second-growth
deciduous stands in the vicinity of Peterborough. Ontario. Sampled areas within patches were
standardized, where possible. with respect to topographic relief, soil texture. soil moisture. Forest

cover rype, and disturbance. The intent was to sample upland sugar maple stands on sites with low



Table 2.1, Size distribution of sampled forest patches.

Landscape [ Landscape Ii
{13% farest cover)! {33% forest cover)
Size Class (ha) # Patehes bo (N=12} Size Class {ha)- | # Patches | % (N=I2)
10-20 1 g3 10201 2 16.7
21-30 k! 2530 21-530 i 33
5t-100 5 41.7 31-100 k! 250
10t-500 3 250 14 1-300 3 41.7
=500 0 ] =300 1 83
Total 12 104.0 Total 12 1300
Notes:

1. M. Austen. Lony Point Bird Observatory. pers. com. Digitized Forest cover map derived from
LANDSAT TM satcllite imagery.

2. Source: Forest stand maps (1:10.000 scale). Forest Resource Inventory. Ontario Ministry of
Naturaf Resources (1978, 1979, 1980).



topographic relief (< 2%), mesic sails, sand or loam textures, and low disturbance. In practice, the
moisture regime of sampled areas varied with soil parent material, landscape position, and

micratopography. and therefore ranged from dry-mesic 1o wet.

The chosen patches, with one exception, were selected from among sixtv-three forest patches
previously surveyed by the author (19935) for the Woodlands Bindiversity Project. Long Point Bird
QObservatery {Austen ¢ a/.. unpublished). The study sites established by the Long Point BRird
Observatory {one circular quadrat. 35.4 m radius. per patch) were accepted for this study. The
exceptions were study sites 09 and (071, which were moved to more level terrain to satisfy the relief
criterion for this study. and study site DD 1. which was esiablished #e nmova to balance the sampling
design for soil texture. The protocol for establishing quadrats within study sites {s presented below

(Section 2.2.24

The study sites are situated within the Huron-Ontario Sectionofthe Great Lakes-Si. Lawrence Forest
Reion (Rowe 1972), also known as the Great Lake Scetton of the Hemlock-White Pine-Northern
Hardwoods Forest Region (Braun 1950). The forest patches have developed on sand and loam soils
ofthe Brunisolic, Luvisolic and Glevsolic orders, overlying glacio-fluvial, calcareous tll, calcarequs
cutwash. or lacustrine parent matenals, on Qrdovician limestane of the Trenton formation (Weber
and Morwick 1946, Gillespie and Acton 1981, Hoffman and Acton 1974). The climate of the region
i5 humid. mesothermal, with little or no water deficiency (Enetgy. Mines and Resources Canada
1990a.b). The mean annual temperature {1964-1998) at Peterborough is 6.0 ?C., with a mean daily
temperature of -9.4 °C in January and 20.0°C in July. The mean annual precipitation is 882.2 mm.

(Environment Canada i993).

2.2.2  Sampling Methods

Eight 10m x 10m quadrats were located within cach 0.4 ha study site in relation to a stratitied
randem sampling design. At each study site, a sketch map was prepared showing the location and
estimated area of each microhabitat (see Microhabitat Variables, Section 2.2.3.3). Quadrats were

located at random within each microhabitat in relation to the following sampling design: for
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exlensive microhabitats, such as closed, seasonally dry. forest floors. quadrats were located with
reference to coordinates {bearing and pacing from the site centre) drawn from a randem numbert
table; for small microhabitats { features less than 10 in cach direction). such as tip-up mounds. treg
pits, seeps, and most canopy 2aps, guadrats were centred an the feature which was chosen at random
from a numbered set of such features; for linear microhabitats (features longer than 10m in one
direction). such as seepage tracks. access lanes and associated ditches. quadrats were centred on the
feature at a random number of paces initiated from the feature’s edge. Stumps and logs were sampled
passively in relation to the microhabitats in which they were found. The number of quadrats located
i1 a given microhabitat was proportional o its area within the quadrat. subject to the constraint that

each microhabitat type be sampled at least once.

{Quadrats were located within study sites {rather than within forest patches) in arder to clanfy the
contribution of environmentai heterogeneity to spectes richness within a sampling space of arbitrary
bt constant area (0.4 ha). A sample area of constant size was used (o avoid passive sampling ettects

which inflate species richness when the sampied area is proporticnal to patch size {Cennor and
beCoy 1979).

2.12.3 Enpnvironmental Variables

The environmentai variables for this study are summarized in Table 2.2, Brief descriptions of the
rationale for inclusion. criteria for classification. field or laboratory methads, and sources tor
published data sets, are presented below. Data collected in the field but not included in analyses are

summanzed n Section 2.2.3.7.

2.2.3.1 Soil ¥ariables

Soil Parent Material: an indicator of the composition, sorting, and stratification of soil materials
{Flint 1971; Bloom 1978) in this study, an indicator of regional differences in the inherent moisture
retertion and fertility of sampled soils. The inferred order of moisture retention capacity was
lacustrine>calcareous till>calcareous ourwash>glacio-fluvial, based on the declining abundance of

fine particles. This ordering of parent matenials also reflected inherent differences in soil tertility.
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Table 2.2. Summary of environmental variables.

Vanable

Atiribute

Source

soif parent material

Pt —

. glacio-fluvial
. calearcous il

Weber and Morwick (1946)
Gillespia and Acton (1981)

3. calcareous outwash Hoftman and Acton {1974)
4, lacustrine

soil order t. bruniscl Weber and Morwick (1946}
2. gleyed brunisoi Gillespie and Acton (1981)
3. luvisol Hoffman and Acton {1574)
4. gleved fuvisol field ohservation
5. glevsal

sail maisture class

—_

1

-
A.

. seasanally wet depressions
. seasanally moist

depressions
seasonally dry depressions

tield observation

g0l orpanic matter

continuogs variable

labatatary observation

sail pH

continuous variable

labaratory observation

hase cations

Tur T —

. available calcium
. calcium:magnesium ratio
. potassium:magnesium

tatia

labaratory cbservation

ree diameter class. breast
height

[

030G ome: I em increments
.= 30.0 ¢m: continuous

values measured to nearest
0.1 cm

field observation

tree height class

Fu Lad | —

Iﬂ\Ur

.<1lm
1-3m
L3-10m
S-1Am
1525 m

23 m

field observation

forest straium

I —

3

-herb layver (<1 m}
. shrub laver (1-3 my)
. subcanepy (3-15m)

4. canopy (=15 m}

field observation

16



Table 2.2 Summary of environmental variables {cont’d}.

Yariable

Attribute

Source

canopy cover type

. oak, no suzar maple

. 0ak + sugar maple

. sugrar maple

. sugar maple + wet-rnesic
or wet treg taxa

. wWal-mesie — wat [ree taxa

o ar b —

L

field observation

canopy closure

continuous variable (%)

field observation

cover class (heeb layern)

1. solitary individual (=)
225 individuals ()

=%

. 1-5%

0= 5%

. 16-23%

. 26-50%

C31-75%

. To-100%

£ ek Jea

Do —d 2 L

field observation

habitat affinity

. forest

. forest — open
. open ~ forest
. open

e 2 | —

Voss (1972, 1985, 1990)

coefTieient of weltness

-5 obligate wetland
-4 facuitative wetland
-3 faculmtive wetland
-2 facultative wetland
-1 faculiative

{ facultative

+1 facultative

+2 facultative upland
+3 facultative upland
+4 facultative upland
+5 obligate upland

Oldham et af {1993)

microhabitar Lype

gec Table 2.4

field observarion

# microhabitats

continoous variable

| field observation
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Table 2.2 Summary of environmental variables {cant d).

Variable Adttribute Source
patch interior area class 1. 0-3 ha M. Austen, pers. com.
2. 6-10 ha
3. 11-XYha
4. 2130 ha
5. 51-100 ha
6. 101-200 ha
7. 201-300 ha
3. 301-1000 ha
patch arex continuous variable Ontario Ministry of Nawral
Risources (1078, 1979,
[F8)
patch 1solation continuous variable NTS map sheets (1:20.000)
Eorest cover continuous variable WTS map sheets (1:30,000)
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based on an inferred deciine in cation exchange capacity (Brady 1990) and soil pH (Dancer ¢f a!.
1993). However, soils on the lacustrine parent materials were saturated seasonally and thus subject
10 periodic denitrification (Ponnamperuma 1972) and to [ower rates oFammomfication (Patrick and
Mahaptera 1968, Ponmamperuma 1972). The presumed order of fertility. based on the joint influence
of contributing factors. was catcarcoustill zcalearecus vutwash>lacustnne>glacio-fluvial. Quadrats
were classified in relation to published soil survey maps and reports {Weber and Morwick 1946,

Gillespie and Acton 1981, Hoffman and Acton 1974

Soil Order: an indicater of the effects of the daminant soil-forming processes on soil properties
{Canada Sotl Survey Committee 1978} in this study. an indicator of regional differences (n the
inherent fertility of sampled soils. The inferred order of soil Fertility was Luvisolic>Brunisolic>
Gleysoiic. based on the presence/absence of a Bt horixon and the degree of periodic or prolonged
teducttg conditions associated with saturated soils. Soils in quadrats with seasonally moist or wet
depressions were classified as gleved Brunisolic. and gleyed Luvisolic, 1f motiling observed during
a previous field assessment { 1993) was observed within 30 ¢m of the mineral surface Canada Soil
Survey Committee 1978). Quadrats were classified in relation o published soil survey maps and

reports { Weber and Morwick 1946, Gillespie and Acton 1981, Hoffman and Acton 19741,

Soil Moisture Regime: in this study, an indicator of the duration and intensity of moisture deficit
in the soil (Patterson 1978). In contrast to measures of soil moisture. sotl moisture regime is an
indicator of variations in the soil moisture supply through time (= 100 years} (Pierpoint 1978). The
former is a direct measure of soil moisture content. whereas the [atter is assessed in relation w

physical soil properties and soil profile characteristics (Onitario Institute of Pedology 1983}

tn 1993, the moisture regime at the centre of each study site was determined with reference to the
depth and properties ot soil mottles, and. the texture of mineral soil in the upper B horizon {Oniario
[nstituie ot Pedology 1985},  This method was not used for the 1994 field season owing to
difficulties in determining the depth to mottles during the late August assessment. The moisture
regime of quadrats was therefore ¢lassified in relation to the moisture status of forest depressions.

a supplementary, planned, assessiient that was initiated at the beginning of the spring survey.
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(Juadrats with standing water in depressions during the spring and/or summer veperation survey (see
Section 2.2.3.3) were classified as "seasonally wet". Quadrats with moist depressions (soil dark and
maist to the touch when compared to the adjacent forest foor) during the spring andfor summer
vegetation survey were classified as "seasonzlly maist”. Quadrats with dry depressions during bath
the spring and summer vegetation survey were classitied as "seasonally drv”. This method. while
lacking the ngor of the Ontarie [nstitute of Pedology procedure. was deemed sufficient ro
characterize major differences in soil modsiure within and between forust pateches, when applied with

referance to the results of the 1995 survey,

S50il Organic Matter (SOM): a general indicator of soil quality but not ugeful for predicting
rutrogen mineralization (Nadelhoffer er af. 1983% in this study. an indicator of soil moisture
retention capacity (Brady 19901, and, of seasonallv saturaeed soils when organic matter content was

greater than 30% (Canada Soil Survey Committee 1978).

Ten sail cores to 13 cm depth were removed with a siot-tube soil sampler trom each 10m x [Om
quadrat in refation to a stratified sampling design and placed in plastic freezer bag. The cores were
taken in a hap-hazard manner in proportion @ the tvpe und area of microhabital preseni. Loose leaf
liter was removed prior to taking the core; litter rmified with fungal myeelia was left undisturbed
and included in the core. Each sample was air-dried pricr to storage and subsequently mortared and
pestled, passed through a 4.00 mm sieve. placed in adrier oven. and dried overnight at 103*C {David
1988 Karam |993}). Approximately 10-15 grams of dried soil. from which macro charcoal and large
roots had been removed. were placed in a crucible of known weight and subsequently ashed in a
muffls furnace for 12 hours at 430° C (Nelson and Sommers 1982, Davies 19743 (330° C for soils
with high apparent soil erganic matter: Karam 1993), The farnace temperature was increased to the
loss-omn-ignition temperature over a three hour period tfour hours for erganic soils) w0 avoid flash
combustion of organic matter and to minimize transient surges due to thermal lag. Following cooling
{approximatelv 8 hours), sarmples were removed and wetghed on an QOHAUS Precision Plus digial

balance. Percent soil organic matter was calculated as:

%2 SOM = [{ "soil" - "ash™}/ "soil" | x 100



Replicates were not taken owing to the loss of sixty soil samples during storage.

Soil pH: in this study. an indicator of conditions favoring nitnfication {Nancer et af. 1973). Five
grams of soil {previously dried al 105°C and stared 3.5 vears). and 15 ml of de-ionized water, were
placed in a smatl plastic beaker, stirred vigorously for 60 seconds on a mechanical stirrer. and let
stand for at least 15 minutes. The 1:3 ratio of soil (o de-ionized waier was increased to 1:6 for soils
with > 30% soil orzanic matter 1o achieve wet shurry conditions. The pH, .. reading was taken with
a plass elecirode. Corning pH Meter. Model 7. calibrated to butier pli 7.0. The pH of soil samples
was determined for quadrats 1-240 34-40, 49-56. 61-192. only. since the original sotl samples for
quadrars [-60 were lost during storage, and. changes in land use prevented replicates ftom being

taken at cach location.

Base Cations: in this study. a measure of the concentration of available calcium. exchangeable
magnesium. and exchangeable potassiwm, in lhe upper 15 cm of the soil profile. Free caleium
carbonate was not purged from soil samples. in vrder w determine the concentration of calcium
"available" for plant uptake. Results were therefore reported as "available calcium” since the
recorded concentration will include both "exchangeable” calgium, and free calcium carbonate, when

the lagter i3 present in the seil profile.

Twenty grams of scil. passed through a Imm sieve. and one reaspoon of silica. were placed in a
plexiglass leaching tibe containing approximately 1 cmn of tight!y packed glass wool. a one-hole
rubber stopper. and rubber tubing. Afier adding a teaspoon of silica 1o cover the soil surface. the
leaching tube was suspended berween a 300 mi flask containing 2350 ml of 1 N. pH 7.0, ammonium
acetate. and, a labeled. empry 300 ml flask. The outtlow rate of [eachate was subsequently adjusred
ta a slow drip. approximately 10 drops per 60 seconds. sa that the leaching process would last at

least 4 hours.

The concentration of caleium. magnesium. and potassivm cations was subsequently determined by
atomic adsoeption spectrophotometry in a Perkin Elmer Atomic Absorption Spectrometer, Model
3100, The leachate was diluted, as required. with a 3% solution of lanthamum chloride. with the aid

2]



of a Nichirve AuteDilutor. The following equation was used 1o calculate the concentration of base

cations:

spectrommeter reading x 30 {(dilution factor) x 230 iml leachate) - ppm base cations in soil

20 (grams of soil)

The concentration of cations was subsequently expressed in centimoles {107 moles) per ke of soil
icmob’kg). The atomic adsorption spectrophotometrs was conductad by Dr. Teng. Department of

Forestry. University of Toronto.

The calcium:magnesium ratio, and, patassiumumagnesiam radio. were also caleulated to clanty the
degree o which cation uptake may be atfected by an imbalance among base cations (Cuimet and
Camire 1993}, Soil sarnples were reacted with U 1N hrdrochloric acid w assess the derres to which

free calcium carhonates was present. Soils that " fizzed” upon reaction were classitied as "reactive”.

2.2.1.2 Forest Stand Structure Variables

Tree Diameter Breast Height (dbh): in this study. an indicater of the time since a3t disturbange
{Henry and Swan 1974, Oliver and Stephens 1977. Lorimer 1980, The diameter ol live and
standing dead stems = |m tall was measured with 2 dizmeter tape and recorded in 2 em inerements.
for stemis 0-30 cm dbh.: stems » 30 em dbh were measured to the nearest 4.1 cm in continuous
increments.  The diametet of stems in the 0-2 ¢m and 2-4 cm size classes was estimated visually in
stands with many stems. Stems < [ m talt were recorded as seedlings and assigned to one of eight

COVEr classes.

Tree Height Class: 1o this study. an indicator of furest stand development {Oliver and Larson 18961,
Tree height was measured during leat” flush with the ad of @ Suunte clinometer and 30 m tape.
Stems were assipgned to the folfowing height classes: < 1 m. 1-3 mu 3-10 m. 10-15 m. 13-23 m. and
>23 m. Stems <1 m tall were recorded as seedlings and assigned 1o one of eight cover classes.
Reprasentative stems in cach height class were measuned and subsequently used as visual standards

for assigning stems to the appropeiate $ize class,

plp)



Forest Stratum: in this stedy. an indicator of forest stand developrment {Oliver and Larson 1996).
and. a datum used to classify forest cover wpe and selected miciohabitat tvpes. Four strata were
recognized in this study: herb laver (<] m). shrub laver ¢ 1-3 m). subcanopy (3-13 m). and canopy
(=13 m). The threshold values for each stratum were measured for representative trees with the aid

of Suunta clinometer and a 30 m tape.

Forest Cover Type: in this study. an indicator of recurring tree assemblages. soil moisture resime
{Maycock 19631, available light (Messierand Bellefleur 1988, Cunham et ol [9907, and litter quality
{Pastor ef ef, 1984, Reich eraf 1997). Five cover tvpes were recognized. based on their association
with increasing soil moisture. and. the presencedabsence of sugar maple: t) red or white oak {na sugar
maple. no wet-mesic or wet taxa); ii) sugar maple = red or white vak: iii} suzar maple (no red or
white cak. no wet-mesic or wet taxa): iv) sugar maple — silver maple, black ash. red ash. balsam
poplar. or American elm: v} silver maple. black ash. red ash. balsam poplar. or American elm (nn
sugar maple. no red or white cak). Cover types were assigned to quadrats based on the
presence/absence of indicator species in the shrub. subcanopy or canopy layer. This approach
accommadated variability in species composition and stand structure caused by reeent disturbance.
and. revealed differences tn moisture conditions more accurately than a classitication based solely

an the predominant species in the canopy layer.

Canopy Closure: in this study. an indicator of the guantity and quality of solar radiation received
it the forest Hoor {Messier and Befletleur 1988, Canham et el 1990} Canopy closure was defined
as the proportion of the sky hemisphere covered by leaves. branches and stems. Iligh canopy ¢losure
theretore corresponds to low levels of red-shifted solar radiation received at the forest Hour. Percent
canopy closure was calculated by "HEMIPHOT" iter Steege 1994 from digitized. hemispherical.
33 mm photwgraphs taken with a Nikon F3 camera that was fitted with a Nikkor 8 mm /2.8 "fish-
eve” lens, and, a Nikon DR-3. righe-angle view finder. A high contrast biack and white tilm.
Kodalnth High Contrast Ortho Film. ASA [, Eastman kodak. was used o maximize the contrast

between sky and canopy (Chan er of. 1986).

A hemispherical photograph of the forest canopy was aken from the centre of each quadrat. The



camera was mounted on a Manfredo tripod. set at 1.0 m above ground level, oriented to 0% north.
and leveled in the vertical and horizontal planes with the aid ot pocket spirit level. An exposure
2eTting was chosen that would maximize the contrast berween sky and canapy. The canopy and
visible sky were metered with the aid ofa Minolta M spormeter and an fstop was sclected that was
at least two stops higher than the value foropen sky. Brightly illuminated spots in the canopy were
metered to ensure that the sky value was at least bwo siops preater than the highest value recorded
for the canopy. For greater security. this exposure value was bracketed hy one stap. Inspection of
the developed images revealed that the middle exposure best represented the status of smaifl and large

LANOPY Operinys,

This approach was {ield tested to confirm that canops vegetation was not mis-classified as "sky™.
Field testing revealed that under high canopy closure conditions tlow light), the edge of the exposed
image could not be differentiated from the Film base. Experimentation subsequently detettnined that
by taping a white plastic arrow to the rim ot the lens at cach cardinal dirgetian, suthicient light would
be reflected to the tilm plane o reveal the reveal the edpe of'the exposed image. The nocth arrow was
made larger than the other arrows 10 ensure proper orientation of the digitized image. The amows
were cut from a white plastic centainer. The projecting portion of'the E. 8, and Wamrows was 8 mm

wide x 3 mm high: the projecting pottion of the ™ arrow was 14 mm wide x § mm high

The developed images (5 em x Jem were digitized witha SCANIET [1C. Hewlett Packard. scanner.
Images wene scanned at 200 DPI at contrast setting 250 und brightoess setting 125, The digitized

images were processed in HEMIPHOT with a tixed radius of 195 units.

The radius over which light was collected in each image varted with canopy heightand was typically
of the order 20-23 metres.
2.2.3.3 Vegctation Yarizbles

Species Composition: The plant inventory was conducted 7 May 1996 w14 fune 1996 (spring

survey) and 20 June 1996 to 23 July 1996 (summer survey).  The boundary of each 10m x 10m



quadrat was marked by yellow propylene rope and sampled intensively by walking close interval
{approximately [.3 m} ling transects, Taxa were recorded by microhabitat to Gacilitate analvses of
composittonal trends in relation to environmental factors. Known taxa were identified to species
rank in the field with the aid of 10x hand fens: voucher specimens were collected for unknown taxa.
und, for taxa requiring more than 10x magnification of diagnostic characters. Youcher specimens
werg identified with the aid ot a dissecting microscope snd with reference w the following
autharities: trees {Barmes and Wagner 1981; Farrar 1995 1 willows (Argus [992 ) shrubs{Voss 1985,
Soper and eimburaer [982) ferns and fern allies (Cody and Britton 1989, prasses ( Voss 1972,
Dore and MeNeill 1980). sedyes (Voss 1972, Gleason 1932, Webber and Ball 1984 ), herbs ( Voss
1972, 1985, 1996: Gleason 1932, Gleason and Cronguist [991). Asweraceae | Fisher [958, Semple
and Ringius 1983, Semple and Heard 1987 Identitications of difficuit taxa were reviewed by
specialists in the Ontano tora, Cerex and Poaccow idenlilicanons were reviewed by ML Oldham.
Naiural Heritage Information Center, Ontario Ministry of Narural Resources: Carex, Section Ovales,
identifications were reviewed by De. P.W. Ball. Erindale College, University of Torono: selected
urass specimens were identified by Dr, 3.5 Darbyshire, Agricuiture and Agri-Food Canada; selected
tern identifications were reviewed by Dr. DML Botton. Professor Emerits, Universiny of Guelpit.

Twenty-five specimens could not be identified to species.

Cover Class: n this study. an indicator of plant abundance. The abundance of each species. and
overall plant cover, withina [0 m x 10 m quadrat was estimated visually with the aid of one-mutre
swig sticks and marked quadrat diagonals. Plant abundance was recorded in relation 1o eight cover
classes: i) solitary individual (). 2-5 individuals ¢ o3 10 = 1%; 00 1-3%0: vy 6-13%: vy 16-25%: v1)

26-30%: v 51-73%; viin) 76-100%.

2.2.3.4 Plant Attribute Variahles

Habitat Affinity: in this study. an indicator of ithe habitats in which a species is wpically round and
thus #n indicator of transient and permanent residents in the forest understony. Four habitat types
were recopnized based on the apparent affinity lor closed vs open canopy conditions: i) "torest”:

species found exclusively in closed forest habitats: 1) "torest + open”™: species found primanly in

1J
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closed forest habitats but also present in forest openings and thickets: i) "open ~ forest”: species
found primarily in open habitats such as marshes. oid fields. thickets. forest edges. but also present
in closed forest habitats: 1v) "open”: species found exclusively in open habitats or disturbed sites in
forest habitars. Species were assighed 1o one habitat type based on ihe habitar descrptions

summarized by Voss (1972, 1985, 1596) for the State of Michigan. U.S.A.

Cneificient nf Wetness: the probability of finding a species in a wetland habitat (Oldham et of.
[%95): in this study, an indicator of the mosture affinity of surveved species. Plants in southem
Ontarie were classitied by Oldham er o, {1993) in relation to the following categonies: 1) "obiigate
wetland": species almost always oceurs in wetlands under natural conditions. =99% probability of
being tound in a wetland habitat: (i) "facultative wetland”: species usually occurs i wetlands bur
occasionally found in non-wetiand habitats. 67-99% probability of' baing found in a wetland habitat:
i) "facultative™: species equally likely @ occur in wetlands or non-wetlands, 34-66% probability
ol being found in a wetland habitat: iv) “facultative upland”; species oceasionally occurs in wetlands
but usually occurs in non-wetland hahitats, 1-33% probability ol being found in a wetland habilat.
v) “obligate upland”: species almest never occurs in wetlands under natural conditions. <1%

probability of being found in a wetland habitat,

2.2.3.5 Microhabitat Variables

Microhabitat: in this studv. a dimension of environmental heterogeneity, and. an indicater of
uniform conditions, at the quadrat scale. with respect to canopy closure. soil moistures. substrate, and
disturbance. Thirty-nine miceohabitats were recognized (Table 2.3). The core features in the
classification are forest floors. depressions. tip-up mounds. tree pits. stumps, lOgs. canopy gaps.
seeps. raised root mats, and. features created by human disturbance. such zs lanes. access roads.
ditches, and regenerating fields. The moisture status for selected features is not recorded in Table
2.3 to reduce the number of elements in the classification. The meisture status of seep. riparian
marsl. and riparian thicket is "seasonally wet": the meisiure status ofriparian meadow is "seasonally
maist”; the moisture stans of mounds and regenerating fields is "seasonally dry®”.  The moisture

statis of stumps, loos, raised root mats. and lane/access roads vartes from seasonally dry to



Table 2.3, Delinition and areal extent ol (orest microhabitats. Notes: "seasonally dry" = forest loor or depression [ee ol standing water
or moist 0il during spring and summer survey; "seasonally moist” — forest Noor ar depression has moist soil during spring or summer
survey; "seasonally wet" = forest Noor or depression has standing water during spring or summer survey; "lorest thoars, seaxn stricen”
= that pertion af the Torest Noor (ree of scusanally motst or wel depressions, tip-up mounds, tree pits, logs, stumps, raised roal mals,
seeps, lanefaceess roads, regenerating fields, riparian meadows, riparian marshes and riparian thickets; "-ce”~ featore under a closed
canopy ol trees, saplings or tall shrubs; "-oc" = feature under an open canopy (feature has a clear view 10 the sky); %0 SA — % ol sampled
area (14,200 m"),

Micrahabita % Neseription
S5A
seasonally dry forest floors-ce 543 forest floors, sensk xericee, \hat are seasonally dry and under a closed canopy
scasonally dry forest I'If'-_nr:i-m: 6.8 larest Toors, seasa siricte, thi are seasonally dry and under an open canopy
seasonally moist Toresy fhwors-ce 3.0 Torest Noors, sensh steicto, Il are seasonally menst aod ooder a closed canopy
sensonally muoist forest floors-oc 30 lorest Noors, seisvd secfete, that are seasenally most and onder an open conopy
actetinlly mnist Lurest depressions-ce 4.1 lurest depressivis (depression iy lrest Moo 20w deep)y that are seasenally moist and

under a closed canopy

seasonally mmst forest depressions-oc 0.2 forest depressions (depression in Tarest oo =20 con deep) that are scasonally moist and
umler i open cancpy

seasonally wel forest floors-ce 0.6 torest floors, serst siricfo, that are scasonally wet and vader a closed canapy

seasonatly wel forest depressions-ce 4.0 forest depressions (dupression in forest floar =20 em deep) that are seasonally wet and
under a clased canapy

seasonally wel forest depressions-oc 1.0 forest depressions (depression in forest floor =200 em deep) thal are scasonally wet and
Under an Gpen Canopy
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seasonally wet depending on the feature and the quadrat surveved. Forest depressions were defined
as depressions in the forest floor 20 cm deep and were measured with the aid of painted swag sticks

(alternating black and tan bands 20 centimetres wide} and a pocket spirit [evel.

# Microhabitats: in this study_ an indicatar of environmental heterogeneity. The value represents

the number of recognized habitats ina (0 m x 10 m quadrat.

2.2.3.5 Landscape Variables

Patch Interior Area: inthis study. an indicator of torest fragmentation: the area (ha) of conlinuous
forest that is more than 100 m from the forest edge (Austen ef ol unpublished). Interior area was
calculated from digitized LANDSAT TM satellite imagery by the geographic information system,
ARC-INFO (S. Hounsell, Ontario Hyvdro, pers. com. ). This data set is the property of the Long Point
Bird Observatory (LPBO) and has been used in the thesis with their permission {M. Austen. pers.
com.}. Forest patches were assigned by the LPBO 10 one of'¢ight arca classes: 0-3 ha, 6-10 ha. 11-20
ha, 21-50 ha, 51-100 ha. 101-200 ha. 201-300 ha. 501-1000 ha.

Patch Area: in this study. an indicator of forest trapmenation: the area (ha) of continuous forest
within a forest patch. Patch area was calculated from the stand data recorded on forest stand maps.
1:10.000 scale (Ontarie Ministry of Natural Resources 1978, 1973, 1980). [n contrast to the
previous data set, patch area is a continuous vatiable that accounts for the total area of continuous

forest in the patch.

Patch Isolation: n this study. an indicator of forest tragmentation. Patch isolation was defined as
the mean distance (m) to the nearest forest pareh 1n eight +3° arcs radiating trom the site centre. The
distance from patch edge 1o patch edge was measured io the nearest 3¢ metres on a 1:30,000 scale

National Topographic Service (NT3) map sheet with the aid of a Staedtler-Mars ratio scale.

Forest Cover: in this study. an indicator of forest fragmentation. Forest cover was defined as the

percent forest cover within a 5 km x 5 km square centred on the study site.  In conlrast to the



previous datz set, this approach includes forest cover within the sampled patch and thus accounts for
total forest cover within the vicioity of the veeetation sample. The forest cover ona 1:530.000 scale

Mational Topograptue Service (NTS} map sheet was caleclated with the aid of a dot 2rid.

2.2.3.7 Supplementary Data

The follewing data was recorded in the field but not used in analvses reported in this thesis.

Pecampasition Status: an indicator ot time since death. The status of logs and standing dead stems
was recorded in relation to the following classification: i1 bark firm;, i) bark loose; il stem hure.

firm: iv) stem mossy. fron: v stem sofl. bare: vib stem soft, mossy,

Reproductive Status: The reproductive status of species was recorded in relation w the following

Phenology: a datum that enables the repreductive status of plants to be correlated with canopy
conditions, Reproductive status at the ume of sampling was recorded in relation o the following
classification: i} trees in bud or leaf flush: i) wees with immature leaves. (i) trees with mature

leaves: iv) trees with senescing [saves,

Herbivary Status: the herbivory status of plants was recorded in relation o the tollowing
classification: 1} leaFtip bitten: i1} leat with holes: iil) leat with ragred edge: iv) leat'with fungal dots:
v) leal with veg cases; vi) plant decapitated. The intensity of herbivory was recorded in relation to
the following classiflcation: ) "low":one o few leaves per plaat. <1% of population: i) "inwer-
mediare”: few © many leaves per plant. |-10% of population. itf) "high": few to many [eaves. > {

% of population.

2.2.4  Analytical Methods

2.2.4.1 Overview

The objectives of this thesis have been achieved by means of a series of comparaiive, mensurative,

L2
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experiments {Hurlburt 1984} in which 2 system property {species richness, species compasition.
species attribute’t has been measured repeatedly in treatment space (envicoamental states, environ-
mental gradients. microhabitats, forast patches). The experimental units in each experiment were

the physical lecations at which the svsiem property was measured (Hurlburt 19843,

In mensurative expenments. pseudoreplication may arise when the simple space in which system
properties are measured is smaller than the inferenee space implicit in the hvpathesis being tested
(Hurlburt [984). [nthis chapter. the inference space 15 second-growth northemn hardwood stands on
Ordovician [imestone in the vieinity of Peterborouch. Oniano. Sample space 15 commensurate with

this inference, since system propertics were measured in treatment spave across the region,

The degrees of freedom for determining a treatment eifect varied with the experimental treatment
siice treatment conditions were rarely present n each quadrat or torest patch. or. were nat
statistically independent: n- 192 for svstem propertics measured in velation to environmenial states.

gradients and microhabitats; n<23$ tor system prapertics measurad in relation to torest paiches.

The statistical independence ot samples was more apparent tor some analvses than for others. While
it is clear that replication within patches should not contribute deyrees of freedem when testing tar
a treatment effect ameng patches, the statistical independence of two or more quadrats withinapalch
is less transparent when testing for a wreatment eifect among environmental states, gradients. or
microhabitats, Atissuc is whether difterences 1o disturbance history at the micro-scale sufticiently
influence the compaosition of the seed rain, germination success, resource availability, conipetitive
mieractions. or plant persistence. for guadrats to be regarded as independent samples, Sioce this
could not be determined. g priori. each quadrat was permiitted to contribite one degree of freedom
when testing for a treatment elfect among environmenial states. gradients or microhabitats. The
etfects of patch membership. tf present, were subseguently removed by reating patch membership

as a co-variable in multivariate analyses.



2.2.4.2 Distribution of Species on Environmental Gradients

Analysis #1: The tendency for the composition of species to be more similar within, than among.
fargst patches was investigated in order to evaluare the relative influence of local pracesses, such as
short-distanee dispersal and competitive exelusion. and rezional processes. such as glaciation and

pedogenests.

Similarities in species composition were investicated by detrended correspondence analysis (DCA)
(Jongerman ef af 1987). The degree to which quadrats were clustered within patches was assessed
visually. The contribution of patch membership to the dispersion of quadrats was evaluated in
canonical comespondence analysis (CCA) by the Mone Carlo permutaton test (n=1000
permuatations), after fitting all remaining enviroamental variables as co-variables. DCA was the
preferred method for the pattern analysis since the dispersion of quadrats is governed by species
rzlations with the underiving environment rather than with the set of variables chosen for sady,
DCA was preferred to comespondence analysis (CA)Y since the latter ordination displayed a
proneunged arch that distoried the order of quadrais along the second axis. All analyvses were
performed in CANOUCO Versian 3.12 (ter Braak 1991). The DCA ordination diagram is presented
Figure 2.1,

Analysis # 2: The disuibution of species on environmental gradients was examined by canonical
cormespondence analysis ({CCA) in order to determine which environmental variables exerted the
greatest influence on the composition of herb assemblages. Paich membership was weated as a co-
variable in this analysis to minimize the contribution of replicate samples within patches when
testing for an overall treatment effect on the dispersion of species in ordination space. The variable
"number of live iree stems >1m" was omitted from the analysis due to high collineanity (variance
inflation factor =36.6) with the vanable "number of stems 0-4 cm dbh". Ordination scores were
scaled in relation to scaling made 2 {i.e. species scores are weighted mean sample seores) since the
primary interest was the dispersion of species rather than quadrats (ter Braak 1994). Species in
ordination space are theretare situated at the centroid of the gquadrats (not shown) in which they

occur. The relative importance of each environmental vaniable is represented by an arrow that points



in the direction of maximum infiuence and that 1s scaled to reflect the strength of the corrziation
between the vanable and the fitted abundance ot the plotted species (tor Braak 1994). The scaled
co-ordinates for the head of each arrow are the biplot scores for the first and second axis (ter Braak
1994). An overall test of significance of the species ordination was determined by the Monte Carlo
permutation test (n=9.999 permultations). All analyses were performed in CANOCO version 3.12
iter Braak 1991). The scatter plot was created in %-Plus. Version 4.3 (Mathsolt lne. 1998) and
annotated in Publisher 98 (Mictosoft Corporation 19933, The CCA ordination diagram is presenied

in Figure 2.3

Analysis #3: The relative importance of envirrnmental variables was examined (uriher by
determining the percentage of the total ineria explained by each varigble, The percent inertia
explained was computed as the (L canonical elpenvalues for each varlable + X unconstrained
eigenvalues for the ordination) x 100, Since most environmental variables interacted with at least
ong other vanable. the fraction of inertia that was uniyuely expluined by each variable was also
determined by itting all remaining variables as co-varinbies, The significance of the latter vitlue was
detarmingd by the Monte Carlo permutation testn=1,000 permutations), after Bonferroni correction
forn=161ests (p<0.003). All analyses were performed in CANQCO. Version 3.12 (ter Braak 19911,

-
N .

The results of this analysis are presented in Table 2.1°

Analysis #4:  The distribution of species on the principal envircnmental gradients was examined
further to determine if species were restricted to a particelar edaphic condition. Forest cover 1ype, or
disturbance state. This analysis was conducted in relation w variables that had the highest inter-sct
cotrelations with the first or second axis of the CCA ordination. The percentage of taxa restricted
1o a given soil parent material. soil order and forest cover type was evaluaied at the quadeat spaiial
scale: the percentage of taxa restricied to a given mwisture condition and disturbance class was
evaluated at the quadrat scale. The analyvsis was performed in JMP Version 3.2.2. (SAS [nstiwte Inc.

1997): results are presented in Table 2.14.

Analysis #5: The vaniance explained by environmental variables in Analvsis # 2 was decomposed



{Quinghong and Brakenhielm 1995) 1o determine the relative contrtbutton of edaphic varizbbes,
patch variables. and landscape variables. to the dispersion ot species scares inordination space. This
was undertaken to clanfy the relative importance of local versus regional processes {sensw Ricklels

and Schluter 1993 in the distribution of understors herbs.

The method of Quinghong and Brakenhielm (19931 enables one to delermine the degree of
interaction amony vanables, and, to determine the independent (unique) contribution of 2ach
variable. Forthis anadvsis. regional processes such ax claciation and pedogenesis are considered to
be the primary contributors to properties of the edaphic variables (soil parent matenal. soil order.
soil moisture class. percent soil organic matter. and soil pH). and. plant migration is considerad 1o
be the principal means by which propagules are distributed acress the landscape.  Recruitment
limitation is considered to be a consequence of repional processes when due to soil based factors,
Locai processes. such as short-distance dispersal. competitive interactions, and heterogeneity arising
trom the death or removal of canopy trees. are considered to be the primary contributors o patch
dynamics and t Jocal species compasition. The "patch scale” variables tor this analy sis were Forest
COYET type. percent canopy closure. stem diameer cluss, number of wee species. number of tee
stems. number of microhabiiats. open micoohabitats, disturbed microhabitats, and pateh membership,
Landscape variables (patch isclation and patch sizer were considered to retlect the degree of
migration constraint inherent in the spatial confizuration of forest patches in the present-day

landscape.

The results ot this analysis were summarized in a Venn diagram that displays the percentage of the
explained vanance uniquely, and jointly. accounted tor by edaphic. patch. and matrix (landscape)
variahles. The analvsis was performed in CANOCO Version 3.12 (ter Braak 19913 The Venn

disgram. presented in Figure 2.3, was created in Publisher 98 {Microsoft Corporation 1998).

2.2.4.3 Distribution of Specics in Forest Microhabitats

Analysis #1; The response of species to the pragmatic classitication of microbabitus was

investigated by detrended comespondence analysis (IDUA). At issue was the degree to which the



composition of species differed among habitat tvpes.  The significance of the ordination was
assessed in relation to the criterion that habitats separated by 4 or more standard deviation units on
the first or second axis should have few if any species in comman (ter Braak 1987). The Monte
Carlo permutation test cannot be performed on DC A scores in CANOCO Version 3.12. CCA was
not suitable fot this analysis since the habitat cateporics represented a nested set of environmental
states within microhabitats rather rhan discrete or continuous variables within quadrats. The analysis
was performed in CANOCO Yersion 312 (ter Brauk 1991y, The DCA ordinetion diagram s

presented in Figure 2.4 the number ofhabitats accupiod by surveved taxais presented in Table 2013,

Analvsis #2: The speeics composition of canopy gaps was investigated turther 1o determing the
influgnce of canopy-opening size on species camposition. Ten size classes were established for the
ordination anafvsis: 0-10 m". [1-20 w7, 21-30 m° 3 -0 m= =30 m°, 51-60 me. 81-70 m". 71-30
m°, 81-90 m". 91-100 m-. The species composition ot small gaps was expected w be similar w that
af closed. seasonally dry. forest floors. I gap sixe were the primary detesminant ol species
composition in canopy openings, then vaps ol a miven sive should eluster in ordination spage. and.
eaps ol incrcasing size should cluster at increasing distance from the relerence condition. Gaps that
were separated by 4 or more standard deviation units were expected to have few if any specics In
common [ter Braak 19871, The analvsis was performed in CANOCO Version 3.12 (ter Braak 1991).

The DCA dingram is presented in Figure 2.5,

Analysis #3: The distribution of species across habitats was assessed to determine the degree tw
which envitotimental heterogeneity in the forest understory has been utilized by plants. A restricted
distribution patiern was censidered suppert tor the view thar heterogeneity increases the species
richness ot forest patches primarily through the provision of noyvel resources, whereas, a pattern ol
widespread use was considered support for the view that heterogeneity maintains the richness of

forest patches primarily through the spatial segregation ol competing species.

Four broad habitat catepories were established for the analvsis: closed dry forest tloors. sensu séricre;

natural disturbance features {canopy gaps. tree pits, tip-up mounds. stumps. logs); human disturbance



[regenerating fields. lanes. ditches): and moist or wet habitats (forest tloors. depressions. seeps.
riparian meadow. riparian marsh and rparian thicketi. The distinction between natural and human
disturbance is somewhat forced since many of the stumps and canopy paps inthis study were created
by selective logging. The effect on the forest canopy, however, {s simtilar 1o natural tree tall. The
analysis was pertarmed in JMP Version 3.2.2. (5AS Institute [ne. 1997) and EXCEL Version 7.0a

(Microsoft Corporation 1996). The results of this analvsis are presented in Figure 2.6.

2.2 4.4 Distribution of Sugur Maple an a Moisture-Fertility Gracdient

Analysis #1: Specics tichtiess in sampled torest stands was inversely correlated with suzar maple
abundance {Chapter 4.0}. This pattern was especially oy ident on mesic soils overlying calcarenus
till where sugar maple abundance explained 63.0% of the variance in species richness in undisturbed
stands. The distribution and abundance of supgar maple at small spatial scales has recantiv been
atiributed 1o ditferences in the availability of caleium ions in the soil protile (Kobe ef of, 1993, Kobe
1996}, The structure of sugar maple stands in this studyv was subsequently examined on a gradient
of increasing calcium availabiiity to determine if there was evidence of increased sugar maple

survivership on calcium rich soils.

The analysis was imitially restricted to undisturbed stands on Brunsolic and Luvisolic soils. overlving
calcarepus till, in nrder to stanuardize samples with respect to soil parent material. soil moisture. ad
recent site disturbance. Soils with free calcium carbonate in the upper 13 cm of the soil profile
(positive reaction ko 0. LN HCI ) were excluded from 1his analysis in order to standardize samples
with respect to exchangeable caleium {see contrasting reatment in Analysis 2. The analysis was
further restricted w gquadrats with forest cover type 2 (sugar maple + red or white oak) and Forest
cover type 3 (sugar maple. no red or white oak, no wet-mesic, wet, trees) in order to standardize

samples with respect to torest cover. N =29 10m x 10m quadrars in 7 forest patches.

Stand structure was evaluared in relation to four size classes: 0-4 cm. 4-10 cm. 10-30 cm. and >30)
cm.dbh. Sugar maple abundanee was evaluated in relation to absolute and relative abundance. The

relationship between sugar maple abundance and caletum availability was evaluated in simple linear



regression. The analysis was performed in JMP Version 3.2.2. (SAS Institute Inc. 1997). The

results are presented in Figure 2.7

Analysis #2: The relationship between stand structure and caleium availability was re-examined in
undisturbed stands on Brunisolic soils in order to standardize samples for soil parent material
icalcareous till), seil order (Orthic Melanic Brunisel) and sl series (Otenabee loam). Soils with
free calcium carbonate in the upper 13 cm of the soil protile were included in this anaiysis. in order
lo standardize samples with respect to guaifable caleium. This analvsis, as before. was restricied to
quadrats with forest cover types 2 and 3, in order to standardize samples with respect to forest cover.
This sample (N = 17 quadrats in 3 forest patches} provided the most uniform subset of quadraes in

which to assess the response of sugar maple to ditferences in available ealeium.

Stand strueture was evaluated in rejation to four size classes: 0-4 e 4-10 em. 10-30 em. and =30
cm. dih. Sugar maple abundance was evaluated in retation to absolute and refative abondance. The

relationship between sugar maple abundance and calcium availability was evaluated in simpte linear

results are presented in Figure 2.8,

Analysis #3: The response of shade tolerant and intolerant herbs to inereasing calcium availability
and sugar maple abundance was examined in order to test the presumption of declining lighe levels
oft caleium rich soils. This analysis was extended to determine the calcium atfinity of understory
plants in relatien to flowering phenology. Ofinterast was the degree to which life histories artributed
to shade avoidance. carly spring flowering and an ephemeral life history. were associated with
calcium rich soils. Early spring flowering plants with persistent shoats were contrasted with mid
to [ate season fowering plants to determine if calcium aitinity were associated with the degree to
which the life eycle was compieted after canopy closure. Ephemeral and early spring flowering
plants were clagsified 1n relation 1o Regers 1982, and. to tiowering data collected during the spnng
and summet vegetation survey. June 1% was taken to be the transition date between early and mid

to late season flowering. Although leaf expansion may procesd as late as the surmmer solstice, the

)



forest canopy was typically well developed by June 17

Asin Analysis # 1. this analvsis was restricted to undisturbed stands on Brunisclic and Luvisolic
s0ils. overlying calecareous till. in order to standardize samples with respect to soil parent material.
soil moisture, and recent site disturbance, Seils with tree calcium carbonate in the upper 15 emaf
the zeal profife were excluded frem the analvsis in order to standardize samples with respect to
exchangeable calcium. The analysis was restricted o quadrats with forest cover tvpe 2 {sugar maple
+ red or white oak) and forest cover tvpe 3 (surar maple. no red or white oak, no wet-mesic, wet.
trees} in order to standardize samples with respect (o forest cover, N = 29 10m x 10m quadrats in 7

forest patches,

Shade tolerance was evaluated by simple linear regression: caleium aftinity inrelation ta flowering
affinity was evaluated by Wilcoxon rank sum tesi. The analyses was performed in JMP Version

3.2.2, (SAS [nstitute fne. 1997). The resubts are presenied in Figures 2.9 and 2 1.

2.2.4.53 Distribution nf Plant Attribates an Environmental Gradiencs

The disribution ot selected plant anwtbutes on environmental gradients was examined in arder to
determing the dearee to which the distribution of specivs may be explained by lite form. [ife hisiory.

provenance. habitat aifinity. shade tolerance and motsiure affinits,

Analysis #1: The depree (o which the selected attributes explained the dispersion of species scores
in urdination space was investizated in CCAL The respunse variable was the proportion of taxa in
a 10m x 10m quadrat with the attribute of interest.  The significanes of each contnibution was
deiermined by the bonte Carlo permutation test {n=1000 permutations ). The analysis was performed
in CANOCC Version 3.12{ter Braak 1991). The results ot the analysis are presented in Tables 2. 16.
217and 2,18,

Analvsis #2; The distnibution of provenance. habitat atfinity and meisture affinity was summarized

by microhabitat to provide contextual information tor the interpretation of dispersal mades in
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Chapter 3. The response variable was the proportion of taxa {all life forms} in each habitar with the
attribante of interest, The analysis was performed in IMP, Vemsion 3.2.2. {SAS Institwte Inc. 1997).

The results are presented in Table 2,19,

23 Results

The tendency tar species to be assaciated with particular environmental states and gradients will be
reportad in relation to the following headings: vegetation survey, refationships amonyg environmental
variahles, species response to envirpnmental gradients. species response to torest microhabitats.
response of sugar maple and understory herbs to available calcium. local versus regional processes.

and plant attributes,

231 Vegetation Survey

A summary of surveved taxa by raxonomic eank. tife form, life history and provenance is presented
in Table 2.4. A summary of plant attributes by species is presented in Appendix2: a cross-reterenced
list of species codes is presented in Appendix 3. The diseribution of species by so1l parent matenial,
soil moisture and cancpy closure is presented in Appendix 4. A listing of species by microhabitat
is presented in Appendix 3. The distribution of species by microhabitat is presented in Appendices
6and 7.

The sampled fora was compased of 413 species, 208 genera. 78 families and 43 orders. Twelve
species occurted in = 50% of the quadrats surveved: Acer saccharem (91.1%)., Frillium grandifiorum
{71.9%). Maignihemum canadense (67 .8%). Epipactis helleborine (67 83°%). Prunus virginiana
(64.1%). Carex pensyivanica (62 3%). Tilig americana { 35.7%), Envhronfum americanuni{ 55.7%).
Diryopteris carthusiana (55.7%), Galtum triflorum (34.7%). Taraxacum officinale (32.0%) and
Arisgema triphyifim (50.5%). The three most species rich genera were Carex {43 taxa), Fiola (10
taxa), and Asrer (9 1axa). The three most genus rich families were Asteraceae (24 penera), Poaceas
{21 generz) and Rosaceze (10 genera).  The three most family rich orders were: Poivpodiales (3

famifies}), Ranuncuiales (4 families) and Solanales (4 tarnilies).
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Table 2.4. Summary of surveved taxa by laxonomic rank. life form.
life history and provenance. Life history: annual s.5 = annual:
biennial 5./.= hiennial. annual/biennial: perennial 5./ = perennial.
annual/perennial. biennial/perennial.

Plant Attribute # Taxa % (n=413)
TARXKONOMIC RANK
species 413 1G0.0
Lenus 208
family 78 -
order 43 -
LIFE FORM
tree 30 7.3
shrub 55 13.3
vine G 22
fern 23 3.6
fern ally 3 1.9
ITSY 36 8.7
herb 252 6l1.0
LIFE HISTORY
annual 5.5 13 31
biennial 5./ 22 5.3
perennial x./ LY 0.1
unclassified ) 1.3
PROVENANCE

native 349 84,5
alien 38 14.0
unknowl f 1.3




Herbs were the most abundant life form (61.0% of surveyved taxa). followed by shrubs {13.3%),
grasses (8.7%0 trees (7.5%) and ferns (5.6%). The least abundant life forms were vines {2.2% and
fern allies (1.9%). Most taxa were perennials {90.1%). Plants with biennial [ife hiswories (5.3%)
were more abundant than piants with annoai life histories {3.[%). The provenance of most axa wos

native {34.3%;) .

The cover class of surveved taxa in 10m % 10m guadrats 15 summarnzed by lite form. life history,
provenance. and habitat altinity in Table 2.5, The median cover forcach clement inthe analbvsis was
cover class 2 (0.5-1.0% cover). The maximurm cover recorded was cover class 7 (30-73% cover).
The life forms with the highest mean cover were the arasses (2407 and fernallies 1 2.37). Plants with
annual life histories had significantly greater mean corer{2.63) than plants with perennial (2.08) or
bienntal {1.88) life histornies. The mean cover class ot native taxa (2,12} was significant]ly greater
than altenn species ¢ 1.82). Plants with an affimity for "lorest = open™ habitats had a signficandy
hipher mean cover (2.20) than plants with atfinities tor ather habitats {1.79-2.1[). Querall. plants
with the lowest mean cover were plants with affinity tor "open” babitats (1.79), alien species { 1.823

and plants with biennial life histories (1.88).

The habitat affinity rating assigned to understory species is reported in Appendix 2. Specis
classified as occurring exclusively in forested habitms ("F") included: Ariseremea oriphedlm.
Muaiantherion racemesa, Cawlophyflum thaliviroddes, Solidago fevicandiv, and. Carex areid.
Species classified as occurring primarily in torested habitats ¢("F=0"} included: Trifiiam
grandiflorum. Ervthroninm americanum, Dryopteris curdhnsiunea, Carex pedineiduie, and Corvlie
cormfa. Spectes classified as occurring primarnily in open habitats ("O=F"} included: Curex
pensyivenica. Taraxacum officinale, Imputiens capensiy. Fragaria virginiana. and Poa Jratensis.
Species classified as occurming exclusively in open habitats ("O™) included: Ramuicudus sacris.

Aselepiviy syriaea, Daycws caroty, Lactuca serriofa. and oo cracea.

A checkiist of surveyed taxa is presented in alphabetical order by family in Table 2.6.



Table 2.5. Cover class of surveyed taxa in herh layer inl10m x 10m quadrats by life form,
life history, provenance and habitat affinity. Life history: annual s 5 = annual; bienntal 5./ =
biennial. annual/hiennial; perenmal 5./ = gerennial, annual/perennial. biennizal/perennial.
Cover class: 1=<0.5% cover. 2=0.3-1.0% cover. 3=1.0-3.0% cover. 4=3-13% cover, 5= 13-
25% cover, 6=25-30% cover. 7=30-T3% cover. 8=75-100% cover. Highest value in bold
when difference among attributes within category significant at p<0.03. after Bonferroni
comeetion for n=14 tests. Wilcoxon rank sum ests. by column. independent samples.

Cover Class

Plant Attrtbute bican Median Range
LIFE FORM
ree .93 2 E-7
shrub 205 2 1-7
vine 1.80 2 I-5
ferm 2.1 2 -6
fern ally 237 2 1.3
Brass 2.40 2 1-6
herb 21 2 1-7
LIFE HISTORY
annual s.5. 2.65 2 1-7
biennial 5.1, 1.48 2 1-4
perennial 5./, 2.08 2 -7
FROVENANCE
native 112 2 t-7
alien 1.2 2 -6
HABITAT AFFINITY
forest 21 2 1-7
forest + open 2.20 2 -7
open + forest 2.09 2 1-7
open 1.79 2 1-6




Table 2.6. Check list of surveyed taxa by family (alphabetical order).

ACERACEAE

Acer pegundo L.

Aeer rribrus L,

Acer saccharinum L.

Aeer sacchorin Magshall ssp. sacchareni

Acer suechorun: Marshall ssp. migrem (Michaux
.3 Desmarais

Aver spicoattan Lam.
ANACARDIACEAE

Rivas vacticany L. §5p. megunda (E. Greeng)
Mehieill

Aireis typhiner L

APIACEAL

Crewia bulbifera L.

Cheteter mggtales tem L.
Crypienaenia canadensis (L.} DC,
Durcns curota L.

smorhiza clavionis (Michaux} C.B. Clarke
Suriculo merilamdica L.

Senfculn irifoliaua Bickn,
Sanicula species
APOCYNACEAE

Apocvanm androsaemifolium L. ssp.
crcdrosaemifolitin

ARACEAE

Arisaema triptndtiom (L) Schott ssp. riphvilum
ARALIACEAE

Ardlia nucdfcantis L.

Panay guinquefolivem L.

ARISTOLOCHIACEAE
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Axarum canadense L.
ASCLEPIADACEAE

Asclepias incarnata L. ssp. ircornaty
Aselepias svrioce L.

ASTERACEAE

Achiffia millefoliven L, ssp. millefodiun
Amhrosta artemisiifodia L.

Awiennario neplecie E Greene
Arerio mpnes (Hill) Bemb. ssp. srimes
Asfer céfiofuriy Lindley

Aster coredifolius L.

Avrur ericeddes L.

Asser leneenfarus 1.

Aster feerifforus (L) Britton

irer mecropiniins L

srer navere-cnglice L.

Aster pniceny L.

Aster umtbellatis Miller

Hielfens prondose L

Carefions peanthoides L.

Comefine maiams 1.

Chrsanthemuns fevcanthemum L,
Cirsinm envense (L)) Scop.

Cirsivm valgare {Savi) Ten.

Cunveg canddensis (L) Crong.
Erigeron anpmus (L) Pers.

Erigeron philudeiphicus L. ssp. philadeiphticrs
Erigeron strigostis Muhlenb. ex. Willd.

Frigeron species



Table 2.6, Check list of surveved taxa by family (alphabetical order).

Fupertorinm macalfarum L.
Eupataritm perfolistum L.
Enpaiorium rugosum Houtt,
Euthranic greminyfolio (1) Nutt,

Hiereiotum aurantiacum L.

Higracium coaspitostm DUmort. ssp. caespiiosiu

Lactiea canadensis L.

Latotuen serriola L.

Laetlicu species

Chapardon acunthinm L.
Prenanthes spedies

Rudbeckic filrter L.

Sedicleego altissimea L.

Sefidagg caesiu L.

Sulidugo canadensis L,
Solfcfayo Mexicandis L.
Solidago gizanteq Alton
Solidago joncea Allon
Sofidamo nemorafis Aiton
Seliclago rugose Aton ssp. rivgosa
Sonchie arvensis L.

Srechus ofuracens L.
Taraxacum vificinale G. Weber
Tragopagon dubius Scop.
Tussifugo forfara T
BALSAMINACEAFE
fmpatiens capensis Meerb,
BERBERIDACEAE
Cundaphivilum thalictroides (L.) Michaux

&7

Poefopfreiftim pefiostum L.
BETULACEAE

Aferus incaner {L.) Moench ssp. rugose | Duroi}
Clausen

Berrda affeghaniensis Britton

Berila papyrifeora NMarshall

Corving cornury Marshall

t dezever virginiaria {Miller) K. Koch
BORAGINACEAE

Hackelfer vireiniana (L3 LM, Johnston
BRASSICACEAE

£ erdgnrine diphvlla (Michy ) A Wood
{arduinine persyivanica Muhlenb, ox Willd,
CAMPANULACEAE

Lobelic infleite L

Luhelia species

CAPRIFOLIACEAE

Diervilia foricera Willer

Lomicera copefensis Bartram

Limzicersd dicice L.

Fonicera hirsuta Eaton

Lenticera oblongifolia (Goldie) Hook.
Sernbuens cancicdensiy L,

Scambucus racemosa L. ssp. pubens (Michaux)
House

Fiiostenm aurantivcym E. Bickn.
Uhoirniin ceerfolivm L.
Viburmtem femago L.

Fiburnum opuius L.

I iharrres trifobeon Yarshall



Table 2.6, Check list of surveved 1axa by family falphabetical order).

CARYOPHYLLACEAE

Cerastium forcanum Baumg, ssp. frivigle (Link)
Jakas

Dicmthus armeria L.

Silene valaaris (Moench) Garche
Steflaria lomgifodia Muhlenb, ex Willd.
CELASTRACEAE

Cofasirns scundens L,

CLUSIACEAE

Hypericum perforatum L.
CONVOLVYULACEAE

Cotvstegia sepitan L.

CORNACEAE

Cormes alternifirdio 1.1

Ceornus foeming Miller ssp. racermasa [Lam.) 1.5,

Wilson
Cornus rugose Lan,
Cargus stolanifera Michaux

CUCURBITACEAE

Echinocvsts fobata tMichaux) Torrey & A, Gray

Sicvoy angtdars L
CUPRESSACEAE

Thuja accidentalis L.

CYPERACEAE

Corex albursing E, Sheldon

Curex afegecoides Tuckerman

Curer aretata Boont

Larex backii E. Boout

Curex bebbii (1. Bailey) Olney ex Fern.

Carex blundu Dewey

a8

£ arexr brevior ( Dewey) Mackenzie ex Lunell

{wrex cepholoided Dewey

Corex comprunis Lo Bailey

C'elrex crimitar Lam,

Curex cristatedin Britton

£ureyx deweyara Schwein,

¢ urax disriralin Wikl

et graciiiing Schwein.

{urex gravdaris Mublenb, ex Willd,

€ wrex Birtifalin Mockenzie

£ arex Witehcockiona Dewey

Curex mtemesceas Rudae

€ wrex ferrngrineoya Michaux

Curex faxifiora Lam,

Carex peckii Howe

{ wrex pedincufure Muhlenb, ex Willd,
L urex pensyiventicn Lam.

{arrex plantuginea Lam.

Carex plancobeifa . Carey

Ceprex preirea Dewey

Curex projecta Mackenzie

Curex pyendo-gypers L.

Curer radidate (Wahlenb.) Small
ey refrorsa Schwein.

Lwrex roseq Schk. ex Wiild.

{ urex xparganicides Muklenb, ex Willd,
¢ wrex stipaig Muhlenb. ex Willd.
Curex fenere Dewey

Curex fribufoides Wahlenb.,



Table 2.6. Check list of surveyed speeies by tamily (alphabetical order).

Carex vulpinoidea blichaux
Carex woodii Dewey

Carex specimen D719
Carer specimen D854
Corex specimen DBGE
Carex specimen D70
Carex specimen D379
Cerex Section Dhvales
urex species

Seirpus aravicens Willd.
DENNSTAEDTIACEAE
Previclimm agutlinum (L.) Kubn
DRYOPTERIDACEAE

Athyrivm filic-foming (L) ssp. angusiom (Willd.)
Clausen

Aehvrizen thelvprerivides {Michaux) Desy.
Cyrtopreris Suibifera (L.) Bernh.
Cvstapieris fragifis (L.} Bemh.

Cwseeymierss reads (Michaux) Desy.
Drvopteris carihrsiona (Villars) FLP. Fuchs
Drvapteris cristaiv (L) Gray

Drvopteris intermecio (dMuhlenb. ex Willd.) A.
Gray

Oryvopreris morginefis (L) A Gray

Gummacarpium drvopreris (L) Newman ssp.
diryapteris

Mmtevceia seruthiopteriz {L.) Tod.
{Mnocfea sensibifis L
FPolvsrichum aoerosiichoides (Michaux.) Schon

EQUISETACEAE

49

Equisetum arvense L.

Eyuiserum hyemade L. ssp. uffine (Engelm. )5tone
Equiserm fgevigurum A Braun

Evuizettun scirpiiides Wichanx

ERICACEAE

{ recininm angrvdifidinm Aiton

FABACEAE

Amphicarpaea bracteata (L) Fermn.

Fesandivent gludinosu (Wuhlenb. ex Willd.) DC
ex Lowdon

Leedicagn fupnting L.
Molifotty afba Medikus
Melifasus officinafis (L) Pallas
Reafumper prevedigrccia |-
Trifialivem repens L.

Ficia craocer L

FAGACEAE

Fupens gramdifodi Ehrh,
Uriercps atbe L.

(nwrens macrovorpa Michaux
Chiercus robra L.

Cligrcns species
FUMARIACEAE

Dicenira conudensiy (Goldie) Walp,
Dicentra cucullaria (L.) Bernh.
GENTIANACEAE

Urenviang andrewsii Grised.
LERIANTIACEAE

Crorcmizen moactifotim L.



Table 2.6. Check list of surveyed species by farmnily (alphabetical order).

Creranium raberticmum L. Erveavanium americanum Ker Gawler sap.

WIHERC RN
GROSSULARIACEAE

i Meriemthemuym camadense Dest,
Ribes americarium Miller

Meignchemum raceprasym (L) Link ssp.

Ribes cymosbati L. FUCEMOS UM

Ribes glandufosum Grauer Matanthemum stellarum (L} Link

Ribes lacustre (Pers.} Poiret Prdvgonctum pibescens (Willd.) Pursh

Ribes rubram L. Streplapus rixeus Michaux

Ribes irisre Pall. Triftium erectum L.

Ribog spectmen DEIY Tritfium grondiflorum (Michaux) Salish.
HYDROPHYLLACEAE triiaric sraniddiffora Smith
Hvdropfoltum virginianum L. LYCOPODIACEAE

[RIDACEAE

Lrenpoding annatinum L.

Iris versicolor L. Lyenpodium dendroidens Mizhaux

Iris species frcapodium nhscuram L ovar. obycurum
JUGLANDACEAE Lycopodium irisiaehyum Pursh

Carya cordiformis {Wangenh.} K. Koch MENISPERMACEAE

JUNCACEAE Memspermum canodensy L.

Juncus tenuis Willd, MONOTROPACEAE

LAMIACEAE

Munotropa hypopithys L.

Craleopsis tefrafii L. Monoirapa wniflora L.

Lecntrus cardiageu L. ssp. cardlaca OLEACEAE

Lyeapus americanys Muohlenb. ex Bartram Erervimuy americana L.

Lyeopus uniflorus Michaux Froavinus nigra Marshall

Mentha arvensis L. Freavinus pennsvivanica Marshait

Prieneller valgeris L. ONAGERACEAFER

Scutellaria lareriflora L.

LILIACEAE

{ircea alpina L.

Circea lutetiana L. ssp. canadensis (1..) Aschers.
Allium iricoccum Adton & Magnus

Clintonia borealis {(Alton) Raf. Epifobium cillaium Rat.



Table 2.6. Check list of surveved species by Family {alphabetical arder).

Epilohinm coloratum Biehler
Epilabiun epropinyiium Raf.
Epifohiwm parviflortm Schreber
OPHIOGLOSSACEAE

Boirvchium matricariaefoliim A, Braun ex Koch

Baorvehivm muliificdum (5, OGmeling Rupr,

Barrvehinm virgimionoum (L) Sw,
ORBANCHACEAE

Epifugus virginiona (L.} Barton
DRCHIDACEAF
Cupripediim cafeealus L.
Liparis faesefif (L) Rich. ex Lindley
OSMUNDACEAE

Csmunda cleanviaricna L
Clsmtinede regodis L.
OXALIDACEAE

Chalis sivicia L.

Ehceal i species
PAPAVERACEAE
Senguinaric comuchensis L.
PINACEAE

Abigs balsamed (L) Miller
Picea glawca (Moench) Vass
Pinties serobas L.

Tsura canadensiy (L.) Carriere
PLANTAGINACEAE
Planiaga lanceotuia L.
Flanrige mafjor L.

Plantago rugelii Decne.
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POACEAE
Agrreris gigumea Roth
Apraseis siclonifera L.

Brochvelvirum erectiem (Schreber in Roth ex
sprenpel) P. Beauv,

Bramrzes iernris Levaser

€ ivmer fereifodion ( Trevir ex Goeppinpert Griseh. in
{edeh.

Dererviis gloneraty L.

Denthonia spicarae (L) P. Beauy, ex Roemer &
Schultes

Efvirus repens (L) Gould

Elvirnes virginicus L.

Fostucg arandimdacen Schreber

Fuesibea predensis Hudson

Fustticd rubra L.

Festuca swbvertfciffasa (Bers.) B, Alexeey.
Criveerior serfara (Lam.y AL Hitch,

{f-verix parafe Moench

Leersia arvaoides (L.) Sw.

Luersio vieginica Willd,

Mitivm effusum L.

Vrddenbergia frandosa {Poirer in Lam. ) Fern.
Mufdenbergia smexicana (L) Trin,
fizopsis asperifolia Michaux

Purieum acummoinm Sw.

Mvicum capiffare L.

Pludaris orundinocea L.

Mhileam prafense L.

Pou alsodes A Gray



Table 2.6. Check list of surveved species by family (afphabetical order).

P compresse L.

Paa paluxeris L

Poa praiensis L. ssp. pratensis
Poct saferiensis Fern, & Wieg.
Poo species

Sehizachne purpurascens {Tarrey ) Swallen ssp.
PUFPUFETCERS

Sphenaphiofis imermedia (Rydb) Rydb.
POLEMONIACEAE

Phiox species

POLYGALACEAE

Padvieda paveifolic Willd,
POLYGONACEAE

Polvgoatm persicaria L.

Rumer arbicifaius A Gray
PORTULACACEAE

Clavtonia coareliniend Michaux
PRIMULACEAF

Lvsimachia cilfuta L.,

Lysimachia nummudaria L.
Lysimachia terrestris (L) Britton. Stemns & Pogg,
Trienraiis horeuliy Raf. ssp. boreafis
PTERIDACEAE

Adtamttin pedanom L. ssp. pedatam
PYROLACEAE

Chimaphila umbellata (L.) Barton
Purole elfiprica Nutt,
RANUNCULACEAE

Aremore canadensis L.

Awmenmane quingefolia L.

Anemone virginiane L.

Aquifegia canadensis L.

¢ erlthuy pafusteis L. ssp. palusiris

{ ferenis virginiana L.

Hepative acurtfeba DU,

Retrmmeiius aborivas L.

Rerrvncntus aoris L.

Reimmeufus hispfelns Michaux
Rununcutus recoriatey Poaret ex Lam.
Plraelictrum dioicam L.

Tivafietrnm pubescens Fursh
RHAMNACEAE

€ oA ammericenny L.

Ry elnifodio L'Her.

Riromnus cathariicu L,

ROSACEAE

Auarimonia grvposepata Wallr,
Aemelgrchier arborva {Michaux £ Fem,
Amefeanebrier interior Niglson
Amefanchicr spocivs

L redute ity specivs #1

Crutgegues species #2

Uretaegus species #3

(rotaeris spetics

Frogario vesed L. ssp. americana (Porter) Staudt
Fremaria virginiana Willer

Gewm alfepicum Jacq.

{renm lacinioiem Murray



Table 2.6, Check list of surveyed species by family (alphabetical order).

(rerm rivedi L.

Gennt urbanum L

Geum species

Poteniiffa norvegica L.
Potemtille recta L.

Prunus serotine Ebrh.
Prunyy virginfene L. Spp. virpbnime
Rosa blanda Alton

Rasa pafustris Marshall
Rubus alfegheniensiv Parter
Ruhuiy eeleivus L.

Rubus nccldemialis L.
Rubus odoratus L.

Rubux pudescens Ral.
Rubyes specimen D840
RUBIACEAE

GeMlivm aparine L.

Galivn axprefinm Michaux
CGalinm circaezans Michaox
Galium fancentatum Torrey
Calium obrusum Bigelow
Crarlium patustre L.

Cradium trifforum Michaux
Galium species

Mirchella repens L.
SALICACEAE

Popuius balsamifera L.
Popidus grandidentata Michaux

Populus tremivifoides Michaux

_h
Lat

Serlix bebbiana Sarg.

Sulfx discolor Muhlenb,

Seifix erfocephaiu Michaux

Kebix periclaris Smith
SAXIFRAGACEAE

Miredfe diphvifea L.

Fiorella cordifalio L.
SCROPHULARIACEAE
Ferhascom thopsos L.

Veromica officinatis L.

Veronica serpyilifdia L.
SMILACACEAE

Smiffee Berbaceoa L

Surifery pispicda Muhienb,
SOLANACEAE

Sodciriim dhwdcemera L
TAXACEAE

Tewcns comadensis Marshall
THELYFTERIDACEAE
Plegapieris connectilis (Michaux) Wan
Thelypteriy aoveharocensiy (L) Nieuwl.
Thedvpreris patusiris (Salisb.) Schott
THYMELAFACEAE

Diree patftesoris T

TYPHACEAE

Tvpha fetifedia L.

TILIACEAE

THiet comericana L.

ULMACEAE



Table 2.8, Check list of surveyed species by family {alphabetical order).

Ulmus americana L. Vidla blanda Willd

URTICACEAE Vieder camadensis L.

Bachmeria cvlindrica (L.} Sw. Fioda crcullata Aitan

Laportea canadensis (L.) Wedd. Finfer fabradorica Schrank

Pilea pumila (L)Y A. Gray Finle pubescens Aton

Urtica digica L. ssp. gracilis Finfe rostrara Pursh

Urtiva divica L. ssp. dicica Figle soraria Willd.

VERBENACEAE VITACEAE

Phrvma feptostachyva L. Purthenocixeu inseria [ A. Kermer) Fritsch
Ferdene hestata L. Fiter riparicr Michaux

Ferbdenea wriicifolfa L.
VIOLACEAE

Figla affiniy Le Conte



2.3.2 Relationships Among Environmental Variables

Relationships among the principal environmental variables are summarized in Tables 2.7-2.12. The
edaphic and stand structure vartables included in this summary were found to strongly influence the
dispersion of species in CCA, and DCA ordination space (see Sections 2.3.3 and 2.3.4). The patiertts
of'association reported in this section provide general context for analyses reported in this, and later,

chapters. A summary of environmental variables by quadrat is presented in Appendices 8-10.

The distribution of influential variables in relation to <oil parent material is presented in Table 2.7.
The frequency of edaphic variables varied by parent material, Seascnally dry depressions were more
frequent than expected on glacio-fAuvial materials. wheress. seasonally moist depressions were mare
frequent on lacustrine materials and less frequent on glacio-fluvial materials, respectively.Seasonally
wet depressions were over-represented on calcareous outwash materials. Soil pH. available caleium,

and percent soil organic matter. achieved their highest values on lacusirine parent materials.

In contrast. the frequency of torest cover types rarehy differed on soil parent materials. The
exceptions were oak - sugar miaple stands which were over-represented on glacio-Huyial parent
materials, Forest stands on calcarecus outwash had the highest mean number of wree saplings 0-4 cm
dbh. The latter pattern is more strongly correlated with moist and wet soils than with disturbance

(see Table 4.3, Chapter 4).

The distribution of influential variables in relation to soil arder is presented in Table 2.8, Seasonaliy
dry depressions were more frequent than expected on Brunisolic soils and less frequent than
cxpected on gleyed Brunisclic and gleyed Luvisolic suiis. Seasonally wet depressions were over-
represented on gleyed Luvisolic soils. Seil pH was highest on gleyed Brunisolic soils whereas
available caleiurn and percent soil organic mater reached their highest mean values on Glevsolic

soils.

Brumiselic sous were over-represented on glacio-tluvial parent materials, whereas Luvisolic soils

were over-tepresented on calcareous cutwash and under-represented on glacio-fluvial matenais.
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Table 2.7, Distribution of selected envirenmental variables by soil parent material. Cell values:
number of quadrats with specified artribute {mean value of anribute for continuous vartables).
Chi-square tests of homopgeneity, by row (categorical variables): Wilcoxon rank sum tests.
independent samples. by row {continuous variables). Cell values in bold when differences
among parent matenals signiticant ar p<.03 after Bonferroni correction for number of celi or
row tests in catepory. GF=glacio-fluvial. CT=calcareous till: L=lacustrine: CO=calcareous
outwash, = number of quadrats in category. Note: oak cover type excluded from analysis.

Soil Parent Material

Varable GF CT L Co
{n=40) {n=104} in=8} (n=40)

obhs, exp. | ubs. exp. | obs. exp. | obs. cxp.

S0[L ATTRIBUTES

seasonally dry depressions 40 246 | 57 619 (0 49 | N 24.6

seasonally maist depressions 0 88 |32 UK - 1.8 (2 58

seasonally wel depressions 0 B.7 [ 13 173 |0 1.3 |17 6.7

soil pH 59 6.3 6.9 &7

available calcium (emol/kg) 3. 14.1 58.5 31

%o soil organic matter 3.3 14,3 69.2 0]

S0I[L ORDER

brunisol 40 146 | 26 379 |0 29 |4 4.6

aleved brunisol 0 34 22 141 | D 1|4 34

luvisal a 1.9 | 32 Jng | o X425 11.3

gleved luvisal 0 6.5 | 16 6.8 | 8 13 (7 6.3

gleyvsol 0 [.7 | & 43 (0 03 (0 29

FOREST COVER TYPE

oak 0 { ) 1

cak + sugar mapie 30 (1.3 | 20 29310 3|0 20

sugar magle 10 154 | 44 401 (10 JJE(O 2u

sugar maple + wet mesic/wet 0 104 | 33 71 |6 R 9

wel mesic fwet H 2713 70 |1 0.5 |0 19

STAMD 5TRUCTURE

% canepy clusure 377 #6.3 858 B2.1

# live stems {-dem dirh JBE 411 590 0.0




Table 2.8, Distribution of selected enviranmental variables by soil order, Cell values: number
of quacirats with specified attribute (mean value ot attribute for continuous variables). Chi-square
tests of homogeneity. by row {categonical variables): Wilcoxon rank sum tests, independeng
samples. by row {continuous variables). Cell values in bold when differences among soil orders
significant at p<0.03 after Bonferroni correction for number of cell ar row tests in category,
B=brunisol: gB=gleved brunisol; L=luvisol; gL=gleved luvisol: G=gleysol. n = number of
quadrais in category. Note: oak cover type excluded fTom analysis.

501l Order

Varizble B gB L ul O
{n=70 (n=26) {n=37) {n=3t} (n=8)

SOUL ATTRIBUTES

seasonalily dry depressians a7 430 |1 i6d | 30 isq| o 19.1 | 0 19

seasonally moist depressions | { 153119 37| 125 IR 688 | 4 |3

seasonally wet depressions 3 1L.T | & 4316 3513 22 |4 1.3

soil pH 6.4 T.6 4. 6.7 1.2

available calcium (emolike) 6.8 6.5 6.3 28.1 34

%% swil organic matter 6.3 |0 LR 336 iL.0

S0LL PARENT MATERIAL

glacial-Nuvial 40 146 | 0 S48 119 | ¢ 63 |0 i7

calearecus till 26 g |22 4.0 32 ng | I6 (6.8 | 8 4.3

lacustrine o 2914 L]0 248 3|0 0.3

calcarecus outwash 4 146 ;4 5412 1.9 | 7 6.5 |0 1.7

FOREST COVER TYPE

oak \ 4] 1 Q 0

vak + sugar maple 45 199140 T4]9 5.8 | 0 3% (40 23

sugar maple (9 271 (4 1t |43 217 | & 120 |0 31

sugar maple + wet mesiciwet | 2 183 ; 18 6.8 14 E47 22 8.1 4 21

wel mesic fwet 4 18 |4 |8 |0 gl 1|4 0.5

STAND STRUCTLRE

% canopy chosure 834 356 87.4 34.0 90.1

% live stems 0-dem dbk 39.7 T0.8 426 40.9 3.3




Table 2.9. Distuibution of selected environmental variables by soil motisture class. Cell values:
number of quadrats with specified attribute (mean value of atribute for continuous variables),
Chi-square tests of homegeneity. by row [categorical variables): Wilcoxon rank sum tests.
independent samples, by row {continuous variables). Cell values in bold when differences
among moisture classes significant at p=<0.03 after Bonferroni correction for number of cell or
row tests in category. Dry=quadrat with seasonally dry depressions; Moist=quadrat with
seasonally moist depressions: Wet=quadrat with seasonally wet depressions. n = number of
quadrats in category. Note: oak cover type excluded from analysis.

Sotl Moisture Class

Yariable DCrv Moist Wet
in=117) (n=1] tn=33)

abs. exp. | obs. exp. | vbs. exp.

SOIL ATTRIBUTES

soil pH & I 6.7

available calcium (cmolfkp) 6.6 4 16.6

% soil organie matter I3 7.7 208

SOIL PARENT MATERIAL

glacial-fluvial 4D X446 (D 88 |0 67

calcarenus Ll 37 B39 | 32 1B |15 17.3

lzcustrine ] +9 |8 1.8 | 0 1.3

caleareous outwash 21 Ma}2 38 | 17 6.7

5001, ORDER

brunisol 67 43.0 | 0 153 |3 1.7

gleved brunisnl 1 16.0 | [9 5716 4.3

fuvisol 0 501 125 9.3

gleyed luviso| 0 19.1 | 18 6.8 | 13 5.2

glexsol N 4914 1.8 |4 1.3

FOREST COVER TYPE

aak ¢ o O

aak + sugar maple 54 10 g3 |0 40

sugar maple 3o 455 | [0 114013 124

sugar mapie + wet tesic/wet 3 3G | 29 11.0 | 18 8.4

Wwet mesis fwelt ; 3 619 22

CANOPY CLOSURE

% canopy closure 877 380 807

# live stems O-dcm dbh 399 303 4%.6




Table 2.10. Distribution of selected environmental variables by forest cover tvpe. Cell values:
number of quadrats with specified attribute {mean value of attribute for continusus variables),
Chi-square tests of homogeneity, by mw (categorical variables); Wilcoxon rank sum tests.
independent samples. by row (continuous variables). Cell values in bold when differences
among cover types significant at p<0.05 after Bonferroni correction for number of cell or row
tests in category. Cover Type: 1 =red or white cak. no sugar maple: 2 = red. while oak + sugar
maple: 3 = sugar maple. no red. white cak. no wet mesic ot wet tree species; 4 = sugar maple
+ black ash. silver maple or American elm; 3 =black ash. silver maple, American elm, no sugar
maple. no red. white oak. Cover Type 1 excluded from anaiysis. n = number of quadrats in
category

[Forest Cover Type

Variable 1 u 3 4 3
fn=1} (m=3dh {n=73} (n=4%) {n=13)
abs. exp. [ obs.  exp. [ obs exp. | obs.  exp. | ubs.  exp

S0IL ATTRIBUTES

seasanally dry depressions [ 54 33l | 39 4333 B4 11 a2
seasanally moist depressions 0 0 1t.9 | 10 163 29 118 | 3 19
seasonally wet depressions ] 0 g4 |5 1241 1% 54|09 1.2
soif pEl 5.2 8.1 6.6 69 7.4
available calciom (cmelfkg) 2.1 4.6 10.3 214 My

% soil organic matter 3l 6.1 il 229 29.9
SOIL PARENT MATERIAL

glacial-fluvial 0 30 1310 1350 03 |0 27
caleareous il { 20 204 | 44 403133 272 |3 7.1
lacustrine i i 2301 il| & 201 0.3
cairareous outwash 1 4 Lo |19 E5.0 3 9 a7 2.7
S0IL ORDER

brunisol 0 4% 19.8 | 19 il 183 | 4 43
gleved brunisol 0 0 T4 |4 10.1 18 68 |4 1.8
luvisol | ¢ 158 | 13 T4 146 | 0 KR
gieved luvisol 0 o BE | & 120|122 81| 2l
gleysol H 0 23| 0 L4 2|4 0.6




Table 2.11. Attributes of forest stand structure by forest cover type. Cell values: mean percent
of taxa in10m x 0m quadrats with specitied atributes {mean number where neted). Wilcoxon
rank sum tests. independent samples. by row (Cover Type | excluded from analysis) non-
parametric median tests. by row (Cover Type | excluded from analysis). Highest value in bold
when differences among cover types significant at p<(.05. after Bonferroni correcyion for
number of tests in attribute group. Cover Type: | = red or white cak. no sugar maple: 2 = red,
white oak + supar maple: 3 = sugar maple, no red. white cak. no wet masic or wet tree species:
4 = supar maple + black ash, silver maple or American efm: 3 = black ash. silver maple.
American elm. no sugar maple, no red, white oak. n = number ot quadrats o catepory.

Forest Cover Type
Stand Attribute | 2 3 4 3
{n=1) {o=3d) in=73} {n=49) (a=13}
#LIVE TREESTEMS > 1m
mean nember [ 33.9 497 68.0 599
median number 46.0 42.0 63.0 47.0
Fangy a B-121 -6 2152 9-18|
DBH SIZE CLASS
%a stems O-4 cm 5.0 68.4 T1.0 76.1 B3.3
% stems 3-10 em 230 a2 [7.3 134 1.4
%a stems 10-30 em i 13.1 ) R.5 18
% stems >30 cm o r3 24 2.0 2.2
maximum DBH 8- 10 em 8.0 em 3.1 em .3 em Ao
Red Oak White Cak A. Beech Silver Maple | Silver Maple
# LIVE TREE 3PECIES > I m
mean # species & &7 4.5 78 36
median ¥ species - 8.3 4.0 8.0 Al
range a 212 [-10 2-12 [-12
Y CANOPY CLOSURE
mean % closure 485 86.5 87.9 259 704
median % closure - B85 90.5 859 76.3
range L $8.3-98.2 333-9956 374990 392972
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Table 2.12. Distribution of selected environmental variables by patch size. Cell values: aumber
of quadrats with specified atiribute {mean value aFattribute for continuous varmables), Clu-squars
tests of homogeneity, by row {categorical variables): Wilcoxon rank sum tests, independent
samples. by row (continuous variables). Cell values in boid when differences among size classes
significant at p=<{.03. atier Bonferroni correction for number of cell or row teses in category.
Large=>122 ha. Intermediate=43-121ha. Small==42 ha. n = number of quadrats in category.
MNote: oak cover type exeluded from analysis.

— —

Parch Size Class

Variable Large Entermediate Small
fn=I8) (n=93) (n=49}

obs. cxp. | ohs. exp. | obs uxp,
SOIL MOISTURE
seasonally dry depressions 32 243 | 63 3.0 21 344
seasapally meist depressions 16 10515 193 | Lt 2.3
seasonally wet depressions 0 808 14.7 | 24 0.3
SOIL PARENT MATERIAL
glacial-Huvial i6 (0.0 | 24 18310 1.7
calcarcous till 16 260 | 36 47.7 | 32 305
lacustrine B 2040 370 X3
calcareous outwash S 100 1 & i85 | 24 13 Wi
S0OIL ORDER
brunisot L3 173 140 32| 6 20,4
gleyed brunisol 0 6.5 | 16 119110 16
luvisel 8 43 | M4 26.F | 25 (6.3
gleyed luvisol 16 T84 4.2 | 13 Q.0
gleysol 0 BRI 7|0 13
FOREST COVER TYPE
vak | H i)
oak + sugar maple 24 133 | 30 RER IR | 15.8
sugar maple E3 |82 | 38 RS i 207
sugar mapie + wet mesic/wet 9 (23| 16 230123 147
wet mesic /wet 1 iz |4 30 |3 3.3
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Gleved Luvisolic soils were over-represented on lacustrine deposits. Forest stands composed ot oak
and sugar maple were over-represented on Brunisolic soils. whereas supar maple stands, senser
stricto, were over-represented on Lovisolic soils. Stands composed ot sugar maple and wet mesie
or wet trees were aver-represented on uleved Luvisolic soils, whareas stands composed of wet miesic
and wet species were over-represented on Glevselie soils, Farests on gleved Brunisolic soils had
the highest mean number of live tree stems 0-4 cm dbh. The latter patiern was more strongly

correlated with sgil moisture than with disturbance.

The distribution of influential variables in relation to soil moistere is summarized in Table 2.9. Soil
pH. available caleium. and percent soil arganic matier. achieved their highest mean values in
quadrats with seasonally moist depressions Stands composed of oak and sugar maple were over-
represented in quadrats with dry depressions and were absent trom gquadraws with seasonally moist
or seasonally wet depressions. Stands composed of sugar raple with wet mesic and wet species were
over-represented in quadrats with seasonally moist. or scasonally wet. depressions.  Stands
composed of wet mesie and wet tree species were over-represented in quadrats with seasonally wet

dupressions.

The distribution of intivential variables in relation to torest cover type is summarized in Tables 2,10
and 2.11. bSoil pH. available calcium. and percent soil organic matter. achieved their highest mean
values in stands dominated by wet mesic and wet trees. Parterns related 1o soil moisture. soil parent
material and soii order were discussed previously., Stand structure variables also varied by forest
cover tvpe. Stands composed of sugar maple with oak had the highest mean pereentage of stemsz in
10-30 cm dbh class. whereas stands composed of sugar maple. sensu stricro. had the highest mean,
and median . percent canopy closure. Stands composed of sugar maple with wet mesic or wet species
had the highest mean number of five stems, and. the highest mean, and median. number af iree

species.

The distribution of intfluential variables in relation to patch size is sununarized in Table 2,12, The

preatest contrast was between large and small patches. Smatl patches were aver-represented on



calcareous outwash mazerials and under-represented on placio-fluvial materials. Inkeeping with this
pattern, seasonally wet depressions were more frequemt in small paiches than in patches of
intermediate ar large size. Sugar maple stands with red or white oak were over-represented in large

patches where solls were consistently drier than in patches of small or intermediate size.

2.3.3 Species Response to Environmental Gradients

The distribution of quadrats and patehes in ordination space {DCA) is presented in Figure 2.1. [n
general, the species composition ot quadrats tended o be more similar within, than among, forest
patches. This tendeney is revealed by the clustering of quadrats in patches 13. 18. and 22. lower
right portian of the diagram. and by the clustering of quadrats int parches 10, 14 and 12. midd!e
portion of the diagram. Canopy closure and moisture conditions within these paiches are more

uniform than in patches with quadrats that are broadly dispersed {pawches 1, 3. 4, 6).

The species composition of quadrats with moist or wet depressions, seeps. and moist or wet forest
floors. was typically more similar than the species composition of quadrats in upland settings. This
pattern is revealed by tight quadrat elusters from dissimilar patches{e.g. quadrats (Tom patches 4 and
20. 20and 24, 19 and 24, 6and 24, Gand 19,2 and 12, dand 12. 12 and 16, 2and 6, 3 and 21. lower
left pertion of the diagram). A similar tendency was also observed in seiected quadrats with closed
forest loars or canopy gaps on dry soils {see tight ciusters formed by quadrats from patches land
7.9and 18, 15 and 18, 15 and 23, 15 and 22, and. 8 and 23. Jower right ponion of the diagram),

Several of these clusters had similar parent materiais and soil orders.

Taken together. these trends suggest that the primary inlluence on species compasition has been
simnilarity in site conditions. However. when edaphic conditions within patches are similar. other
factors such as within-pateh dispersal and disturbance history may intensify the similarity in species
composition within patches. The similarity in species composition in moist and wei habitats
suggests that species have had an opportunity to sample most habitats within the regional landscape
during the post-giacial period. Pattern in the distnibution of species in the preseni-day landscape.

therefors, may primarily reflect historic opportunities tor germination and persistence. The
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availability of propagules appears not to have been a constraint, when viewed an long time scales.

The distribution of species in CCA ordination space (Figure 2.2} was strongly influenced by
gradients in soil meisture. sotl order. forest cover tvpe, percent canopy closure. and soil parent
material (sce inter-set correlations, Table 2,133, The erdination explains 25.6% of the tolal inertia
In species scores (F=3 748, p<(.001. Monte Carlo permutation test. n=9.999 permastations). afier
fitting patch membership as a co-variable: the tirst and second axis of the ordination coltectively

explain 42.8% of the variance explained by submiited environmental vagables.

The first axis is 2 complex gradient dominated by soi! moisture. covet type. and soil parent matenial
{se¢ inter-sel comrelations, Table 2.13). The sccond axis is a complex gradient dominated by soil
order and percent canopy closure. Speeies on the upper lelt side of the diagram achieved their
maximum fitted abundance in closed. dry. maple-oak siands. on Brunisolic soils overlving glacio-
Huvial and ealcarcous till parent materials. In contrast, specics on the upper right side of the diagram
achieved their maximum fitted abundance in open. wet turest slands dominated by wet-mesic and
wel lree species. on gleved Brunisolic soils overlying caleareous outwash, Species onthe lower right
side uf the diagram achieved their maximum fitted abundance in closed and open. wet torest stands
dominated by sugar maple and wet-mesic or wet tree species, on Glevsolic or gleved Luvisoiic soils
overlying calcareous till. Species in lhe left-of-centre region of the ordination diagram achieved
their maximumn fitted abundance in closed. dry. sugar maple stands on Luvisolic and gleved
Brunisolic soils overlying caleareous till and caleareous amwash parent materinls. Species in the
right-of-centre region of the ordination diagram achies ed theirmaximum fitted abundance in closed.
moist and wet stands dominated by sugar maple with wet-mesic or wel species, on sleved Luvisolic

and Luvisolic soils overlying caleareous tili and lacustrine parent materials.

All but tour of the sixteen environmental variabies hal a significant influence on the dispersion of
fitted species scores. after ficting all remaintng variabics as co-variables. and. afier Benferroni
correction for n=16 Mente Carlo permutation tests (n=1 000 permutations) {Table 2.13). The non-

signiticant variables were: # trees (-4 em dbh, # irees -10cm dbh, ¥ microhabitats, and disturbed
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p= 0.001: F-ratio (Axis [) = 12,074, p<0.001: Monte Carlo permutation tests (n=9.999}.
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microhabitats. The stand structure variables were strongly correlated with sugar maple abundance
and soil meisture (see Table 4.3, Chapter 4). whereas. the composition of disturbed micrehabitais
was dominated by species with an affinity for closed focest conditions {(see Figurs 2.4 and related
discussion). The non-signiticance of microhabitat sumber simply reflects the composite nature of
this variable. The contribution of patch membership to the dispersion of species scores was
signibicant (F=2.776, p<0.001). hawever, and accounted for 4.3% of the explained variance, and
1.2% of the total variance, in species scores. Patch membership was thercfore designated a co-
variable. when testing for a treatment effect of environmental variables, to minimize the effects of

teplicated samiples within patches.

The dearee ta which species were restricted to a particular edaphic condition. torest cover 1ype. or
disturbance state is summarized in Table 2.14. [n general. the distribution of species was restricted
more by differenees in soil parent matenal and soil order than by differences in forest cover tvpe and
s0i] moisture, Comparatively few specics were testricted by ditferences 1n canopy closure. Only
10,4 % and 12.8 % ot'species were present on every soil parent material, and soil order. respeciively,
whereas, 124 % and 23.0 % of species were present in every forest cover type. and soi] moisturs
class, respectively. In contrast, 69 2% ot species were recorded in both open and ¢losed canopy

condirtions,

Inspection of the percentape of raxa restriceed 10 o given environmental state reveals that
proportionally fewer species were restricted to seasonatly moist (5.4%) and scasonally wet
microhabitats (5.0%} than to seasanally dry microhabitars {40.1%). This suggests that species ot
seasonally moist and wet habitats were more tolerant of drv conditions than species of dry habitats
were of seasonally moist or wet conditions. A greater tolerance ol excess moisture may account for
the small percentage of species restricted to lacustrine parent matertals ( 1.9%4). and gleved Brunisolic
sotls (. 7%). since the number of quadrats with seasonally moist depressions was significantly

hizher on these substrates [ Tabie 2.9).

Species in this data set also showed a pronounced tolerance of gradients in canopy closure. In
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Table 2.14. Number of species with a restricted and unrestricted spatial distribution in relation to
soil parent material, sail order. soil moisture, cover type. canopy closure. Note: "eak” cover type
{N=I quadrat) included in "aak+sugar maple" for this analysis.

Environmental Variamecits- Species Restricted W
w0 Environumental Stage in Every State
= Y w %2
3OIL PARENT MATERIAL {totzl) 413 145 131 43 104
glacio-fluvial Hb |3 1.2 -
calcareous till 334 TO 210 -
lacustrine 194 2 (9 -
caicareous autwash 307 &0 19.5 -
SOIL ORDER 4i3 110 26.6 i3 12.8
brunsizal 280 42 13.0 -
gleyed brunisol 253 [ 47 -
luvisel 238 3 12.1 -
gleyed luvisal 198 |7 5.6 -
clevsol 92 L3 3.7 -
SOIL MOISTURE (1otal) 413 La6 313 95 30
seasonally dry microhabitars 337 133 40,1 -
seasonally maoist microhabitats 247 |3 54 -
seasonally wet microhabitats {30 S j0 -
FOREST COVER TYPE (total) 413 L07 259 B0 19.4
oak. and, oak + sugar maple 199 LB 90 -
sugar maple 303 30 0.3 -
sugar maple + wet-mesic, wet 287 in 11.5 -
wet mesic + wet 333 29 8.7 -
CANQOPY CLOSURE (total) 413 (27 ing 286 £9.2
open microhabitats 341 33 16.1 -
closed microhabitats 358 72 20.1 -

ElY



contrasi to other variables, there were more, rather than fewer, species present in every state. This
suppests that shade tolerant species are rarcly displaced by taxa with an affinity for open habitats

during disturbance events.

The relative contribution of patch vanables, edaphic variables and matrix variables to the dispersion
of species in ordination space is summarized in Figure 2.3, Owverall. patch vanables. seasu sericio.
explained more of the varniance in composition (36. 1 %) than did edaphic variables (28.1%) or matrix
variables ( 10.2%,). Edaphic variables explained 34 6% of the vanance explained by patch variables,
sensplato U162+ 14 = (360 +[92+ L4+ 28} = 3d &) and. 21.7% of the variance explained by
matrix variables. sensu fovo (1A -22) (102 + 28 =14 + 2.2y =21.7. Marrix variables. on the
other hand. expiained only 7.1% of the varianee explained by edaphic variables. yensy fovo. and
patch variables, sensu late. The imphications for the relative contribution of local versus regional

processes are discussed in Section 2.4,

2.3.4 Spevies Response to Microhabitats

Species were responsive to the pragmatic classification of micrehabitats used tn thus study (Figure
24y With few exceptions, the microhabitats were well separated in ordination space and were
dispersed in relation to the moisture and disiurbance gradients that defined them. The similarity in
species composition {marked by the proximity of habitats in ordination space) varied among habitars
but even the most widely separated habitars had at least some species in commaon since the length
of the first axis was less than 4.0 standard devialion units [ong {ter Braak 1987} This result is
consistent with the broad moisture tolerance of many of the taxa occurring in more than 23
microhabitats (Table 2.13). As expected. the compoesition of species 1n microhabilals was more
uniform than in the ordination of guadrats (total inenia loe the ordination of microhabitats was 2,737
versus 7_100 for the ordination of quadrats). Taken together. these pattemns provide indirect evidence

af the role of environmental heterogeneity in structuring the compesition of forest patches.

The stropgest overlap in species composition occurred in open stumps and closed moist depressions

{overlapping annotation in Figure 2.4). This was due 10 the capacity ef species of moist torest floors

T



Patch Variables

Edaphic Variables Matrix Variables

Figure 2.3, Partial decomposition of varance in CCA species ordination: local versus
repional processes Patch variables (cover type. %o canopy closure. stem diameter class.
# tree spevics. # tree stems. # microhabiulats, open microhabitats, disturbed microhabi-
uaty, patch membership). sersu siricie. explain 39.3% of the vanance explained by
patch vanables, edaphic variables (soil parent material, soil order, soil moisture. %o soil
organic matier), and matrix variables (patch area. patch isclation). Edaphic variables
explain 34.6% of the variance in species composition explained by patch variables.
sensu {ate. and 21.7% of the varfance explained by matrix variables, sensu {afo. Patch
variables explain 23.2% of the varfance in species composition explained by matrix
variables. senvu laro, matrix variables, in turn. cxplain 7.1% of the variance explained
by patch variables. semsu faro. The variables in this model explain 100% of the ex-
plained variance. and 27.4% of the total variance. in the criginal species ordination.
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Table 2.15. Number of mierohabitats cecupied by surveved taxa, See hotes
for list of taxa present in more than 23 microhabitats,

# Microhabitats # Taxa % of N=413 taxa
l 58 14.0
2-5 138 334
6-10 83 0.6
11-£5 32 12.6
l6-20 33 8.3
21-25 32 7.7
26-30 1l 2.7
31-35 1 0.2
36-39 1 0.2
Notes:

Taxa present in more lhan 25 microhabitats: Arisaema wripityifum, Aster
laterifiorus, Carex gracillima, Circea lutetiana, Epipactis helleborine. Galium
iriflorum, Giycerio strfata, fmpatiens capensis. Parthenncissurs inxerta, Pifed
pumiia, Prunus virginiana, Soltdago canculenyis, Taraxacum officinafe.
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10 colonize open stumps. Approximately 80% of specics on open stumps accurmed in closed moist
depressions whereas only 20% of species in ¢losed moist depressions occurred on open stumps
{Appendix 6. 7). The near overlap with species of open raised root mats is due primatiiy to the
capacity of species of moist forest HNoors 0 colonize both stumps and raised root mats since open

stumps rarely occurred in guadrats with open raised root mats,

The cluster of microhabitats on the extreme lett ot the ardination diagram reveals that the specics
cormposition of canapy gaps, tip-up mounds and drv tree pits in this data set was very similar o the
species composition ot closed. dry. forest floors,  This suezests that speeies of the forest Aoor
persist in canopy paps and readily colonize dry mounds and pits created by wind-thrown irees, In
keeping with this interpretation. 83% of the species recorded in the atter habiats (n=216 species)
also oceurred on closed. dry forest floars. The 36 species which did not aceur on closed dry forest
Hoors were found in apen dry canopy gaps (30 specics). closed mownds (4 specics ) open mounds
(1 species). orelosed canopy paps (1 speeies). The majority of these taxa (R(L6% ) were species with

affinity for "open” or "open - torest" habatats.

In general. the dispersion of micrchabitats in ordination space appears to be influenced by
difterences in soil moisture, canopy ¢losure and buman disturbance, Moisture exerts the strangest
influence aver the composition of specics. based on the wndency tor habitats with similar moeisture
conditions (o ocetir in the same sector of ordination space {seasonally drv habitats tvpically o the
lett. seasonally moist and seasonally wet habitats v pically 1o the right). Open and clesed habitars
of the same type tend to occur iogether. and. in the sector of ordination space that reflects their
moisture status. The tendency for open habitats to oceur to the right of closed habiiats reflects the

stift in species composition arising from the germination requirements of lizht-demanding species.

The analysis of microhabitats was extended to clanfy the influence of gap size on the composition
canopy gaps on mesic soils. If colonization events duriny the gap phase were a significant intluence
on species compoesition. then one would expect 1o see an inereasing departure from closed forest

flogrs with increasing gap size. since species of open habitats should increasingly be tavored under
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conditions of thereased light. Gaps in ordination space should therefore cluster in relation to gap
size. and. larger gaps should be more remote from the ordination position of "closed dry forest
floors" than small gaps. [Fother factors are mure mportant determinants of the speeies composition

af forest floors, then nenther pattern should arise.

The results of this analysis arg shown in Figurs 2.5, The dispersion of gaps in D)C A ordination space
is only weakly patterned at best. The smallest gaps (1", "2"Y are as likely to be ¢close to the
reference condition as distant {rom it, and. some of the largest gaps ("5", " 10™) are closer o the
reference condition than many of the smaller gaps. It there is a general trend in the ordination, itis
for gaps of larger size to be closer to the reference conditien. and. for gaps of smaller size to be

more distant.  Gap size, per se, therefore, does nat appear to be a signiticant centributor to the

species composition of forest Hoors.

The ractors responsible for this "pattern” are not reaclily apparent. Gaps in ¢losest proximity to the
reference condition tend to oceur on caleareous till and outwash parent materials. whereas gaps
remete tram the reterence condition tend to occur on placiai-fluvial parent maierials and on
caleareous (il Remuote waps on caicareous twll occur exclusively on gleved Luviselic soils whereas
proximate gaps on cilcareous till oecur an soils that are not gleved. Differences in the species

caniposition of gaps. therefore, may largely be due o ditferences in edaphic conditions.

The largest gaps in this analysis {[abeled " 10"} dittered sharply in the number of taxa with the
capacity 10 persist in soil seed banks. The preportion of tava with the capacity for prolonyged
dormancy in the gap nearest to the reference condition was <6% whereas the proportion of taxa in
the gaps in the lower right portion of the diagram was =21%. The former gap was situated within
an otherwise closed forest whereas the latter paps were situated at the edee of a recently clear-cut
farest stand. [Jifferences in the species compaesition ot these gaps . therefore. may be due in part to
differences in seed bank size or in the degree of seed bank germination. 1fthe latier. then large gaps

{(>>100m") may be a significant contribuior to the transient compesition of species on forest floors.
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The degree to which specics were restricted 1o a given tvpe of microhabitat is summarized in Figure
2.6. Four broad habitat categonies were used for this analysis: closed. seasonally dry. forest floors
sensu strfcta: natural disturbance features (canopy gaps. tree-pits, tip-up mounds, stumps. togsi:
features created by human disturbance (regenerating fields. lanes. ditches): and. moist orwet habitats
(forest tloars. depressions. seeps. riparian meadow, riparian marsh. fparian thicket). Most species
{79.2%) were recorded in more than one habitat categary and appraximately one-thied of species

(33.2%) were found in every category.

Species in this study were particularly tolerant of conditions created by the death or removal ofa
canopy tree (Canopy gaps., tree pits. tp-up mounds. sivmps. logsh. Such features were colonized by
86.0% of the species on ¢losed, drv, forest Hoors. 8204 of the species in moeist or wet habiiats. and.
78.0% of the species in habitats created by human disturbance. However. the capacity of species to
colenize or persist on fealures created by natural disturbance were not uniform. Maore species were
recorded in canopy 2aps (282) than on tip-up mounds (180} logs (120}, pits {97} or stumps (&4}
(Appendix 5). This suggests that most species in these torests have aceess to altermnative habitats
where their competitors may do poorfy or not survive, and, where populations o Feheir own kind may

expand.

Approximately 20% of the sampled tlora (90 speciesh were restricted o features of one category.
In keeping with the dispersion of microhabitats in Figure 2.4, restricted species swore more
constrained by moisture (42 species) than by buman ur natural disterbance (32 and 16 species.

respectively).

2.3.5 Response of Sugar Maple and Understory Herbs to Available Calcium

The response of sugar maple to the availability of calcium cations in the upper 15 ¢m of the scil
protile was examined to determine it there was evidence of increased survivorship of sugar maple
saplings on caicium rich soils. The stand structure of undisiurbed mapie stands was evaluated in
relation 10 ncreasing calcium availability on mesic soils overlying caleareous till. Preliminary

analysis had revealed that soils of the Luvisohic order were typically more caleium rich than soils
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Clased Dry Forest Floors

285

19 species unique

268

32 species unique

305

16 species nonigue

SIUBGQINISI(] LB |

Nutural Disturbatce

278

23 species unique

Moist or Wet Habitats

Figure 2.6. Disiribution of species amang microhabitats. Arnotation: number of species re-
carded in habitat category. Natural Disturbance = canopy gaps, tree pits. tip-up mounds.
stumips. logs {in dry. moist or wet conditions): Human Disturbance = regeneruing fields.
lanes, ditches; Moist or Wet Habitats: tloors, depressions, seeps, riparan meadow, riparian
marsh, or riparian thicket. Unique Species: species restricted to features in habitat catcgory.
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of the Brunisolic order. and. that the latter soils often contained free calcium carbonate in the upper
15 ¢m of the so1l profile. Sugar maple response was theretfore evaluated in relatton to non-reactive

soils when the analysis contained more than one soil order.

The relative abundance of sugar maple on non-reactive seils is presented in Figure 2.7, The
percentage of sugar maple stems increased with increasing calcium availability in all size classes.
The response was significant in the 0-4 cm. 4-10 em. and 10-30 cm size class. Calcium availability
explaingd 13 % to 19 % of variance in sugar maple abundance tn these size classes.  The trends in
absalute abundance {not shown} were similar in direction but weaker fondy the response tor the 10-

30 size closs was statistically stenificant).

The relative abundance of supar maple on Brunisolic soils is presented in Figure 2.3, The samples
in this anatysis were from the same soil order and soll series, and. thus were the most uniform with
respect to the depree of soil weathering and soil developmeni. Forest stands were typicaily younger
than in the preceding analysis and did not contain any siems in the > 30 em size class. The caleium
gradient was approximately 30 % longer owing to the inclusion of reactive soils. As before. the
percentage of sugar maple stems increased with inereasing caleium availability in the 0-4 cm, 314
em. and 10-30 cm size classes. The percent variance in sugar maple abundance explained by
available caleium was much higher. however. and ranged from 54 % in the (-4 ¢m size class to 33
% in the 10-30 cm size class.  The trends in absolute abundance (not shown) were strongest in the
4-10 cm size class. where differences in calelum availability explained 70.9 %6 of the variznce in the
nurmber ol sugar maple stems in 10m x 10m quadrats. [n contrast to previous results. available

calcium did not explain differences in the number of sugar maple stemns in the 0-4 cm size class.

Taken together, these results provide indirect evidence of increased survivorship of sugar maple
stems in undisturbed second-growth stands on ealcium rich, mesic, soils overlying calcareous tilf.
Caution is required, however. since the sample size in cach analysis was sinall. The contribution of
quadrats without stems to the significance of the relationship is strong. Inmany analyses. this would

be canse for concemn. [n this analysis. hawever. the absence of stems means that maturing sugar
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Figure 2.7. Sugar maple abundanee versus available caleiun in upper 15 em ot soil profile on
Brunisolic and Luvisolic soils overlying calcareous till. Response variable is the percentage
of live tree stems (1 m) in specified size class that are deer saccharum. N=29 10m x 1t
quadrats in 7 forest patches. Soils with free calcium carbonate in upper 13 cm of soil profile
excluded from analysis (see text). Quadrats with apparent human disturbance exeluded from
analysis. Forest cover = cover type 2 (sugar maple + red or white oak) and cover type 3 (sugar
mapie. no red or white cak. no wet-mesic. wet. species).
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maple stems did not survive. This interpretation is supparted by the absence of "zero percent”
quadrats in the 0-4 cm size class. and, the marked tendency for "zero percent” quadrats to increase
with size class and to occur on low calcium soils.  The justification for including them in this

analysis, therefore. is that they are inherent to the hypothesis being tested.

The modest explanation of varianee in the first analysis (Figure 2.7) is due in part to the inclusion
of quadrats from stands on Luvisolic and Brunisolic soiis. For a given concentration of calcium.
the percentage of stems that were sugar maple was consistently greater on Luvisolic than Brunisolic
soils. This suggests that factors ather than caleium have conuibuted to this result. One apparent
factor is antagenism in the uptake of potassium and magnesium {see Chaprer 33. Other factors that

may have contributed to observed differences in sugar maple abundance are examined in Chapter
4.

The response of shade tolerant and intolerant herbs to increasing supar maple abundance and calcium
availability is presented in Figure 2.9 The response was evaluated in undisturbed stands on
Brunisolic and Luvisolic soils overlying calcareous till. The analysis was undertaken to test the
presumption of declining light levels on calcium rich soils. In keeping with expectations. the
percentage of shade tolerant herbs in 10m x 10m quadrats increased with increasing sugar maple
abundance and calcium availability. [ncontrast. the number of shade intolerant herbs declined. The
variance in response explained by increasing sugar maple abundance. and by increasing caleivm

availability, was similar.

The calcium affinity of plants that flower prior te. or after, canopy closure s presented in Figure
2.10. As in the preceding case, the analysis was restricted to undisturbed forest stands on Brunisolic
and Luvisolic soils overlying calearegus till.  Ephemeral spring herbs were typically found on mote
calcium-rich soils than plants with persistent shoots that flowered prior to, or after. canopy closure.
Early spring Nowering plamts with persistent shoots occwrred on more calcium rich soils than mid
to late season flawering plants, but act significantly so. The apparent affinity of ephemeral spring

herbs tor calcium-rich soils is consistent with their distribution elsewhere in the Great Lakes region.
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Figure 2.10. Mean calcium affinity and shade tolerance of understory planis in relation 1o Hlow-
ering phenclogy on Brunisolic and Luvisolic solis overlying ealeareous till. Legend: $-E=spring
ephemeral herbs, S-PF = early spring flowering plants with persistent shoots, MI 5 = mid to late
season flowering plants with persistent sheots, H = high shade wlerance. M = moderate shade
toferance, L = low shade tolerance. N=29 10m x 10 quadrarts in 7 torest patches. Soils with free
calcium carbonate in upper 13 cm of soil protile excluded from analvsis. Quadrats with apparent
human disturbance excluded from analysis. Forest cover type = cover type 2 {sugar maple + ted
or white oak) and cover type 3 {sugar maple. 0o red or white ousk. no wet-mesic o wet tree
species. Error bars: one standard emor mean.
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where they are tvpically confined to fertile, glaciated soils (Rogers 1982, Curtis 1939).

The ealcium affmity of plants with persistent shoots was examined further to determine if the more
shade tolerant plants of this tunctional group were restricted tw the more calcium nich soils. In
keeping with the ininal analysis of shade roterance (Figure 2.9). plants that possessed a high shade
tolerance were found on soils that were more caleium nch than plants of intermediate or low shade

tolerance. This patiern was present in taxa that flowered belore, or atter, canopy efosure,

Taken together. these results suggest that plants in these forests have pariitioned the caleium
availability gradient in relation to the dearee of shade stress to which they were exposed. An
ephemeral habitat was more stronely assaciated with calcium-rich soils than early or mid to late

season flowering.

236 Plant Attributes

The preceding analyses have shown thai the distribution of species in sampled patches has been
determined in part by differences in chvironmental conditions. The following analysis summarizes
the: depres to which the funclional atiributes of plants explain the distribution of species in the forest
understory. The atiributes included in the ordination anaiysis were life history. provenance. life

form. habitat atfinity. shade tolerance and moiswre attinity.

The variance in species composition explained by these attributes is summarized in Table 2,16
Habitat alTiniry and life torm. respectively. explained 10.5% and 2.7% of the dispersion of species
scores in CC A, whereas. provenance and Life history explained 5. 4% and 2.4%. respactively. Habuat
affinity and life Form. collectively. explained 17.3% of the dispersion of species scotes. By
comparison. the comprehensive sei of environmental vatiables examined n this stwudy explained
25.6% of the dispersion in species scores in a related ordination { Figure 2.3). A large fraction of the
variation in the composition of plants in the forest understory, therefore, can be explained by the

habitat affiruty and life form of species in the regional species pool.
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The talerance of lifs forms to shade. and 0 excess moisture, are summarized in Tables 2,17 and
2.18. respectively, The most shade tolerant lite forms wers the fern allies. feras and trees. The vines,
shrubs, and herbs were intemmediate in shade (8lerance, whereas, the grasses were the least shade
tolerant. The shade wlerance of taxa within life forms was not unitorm. however. and ofien ranged
across the pradient. Nevertheless, the difference in shade olerance among life tforms was highly

stenificant [p>y =0.0001. Likelihood ratio test).

The moisture tolerance of taxa alse vaned by life lorm. Shrubs. trees. herbs and grasses were more
frequent on the drier soils. whereas. vines, ferns. and temn allies were more frequent on mesic and
moist 50118. The life farms most tolerant of wet soils were the grasses, herbs, shrubs and ferns. When
trees are removed from the anaiysis, the difference in moisture tolerance among life torms is nat
significant { p>¢=0.0887, Likelihood raiic test). Trees wete highly over-represented in wierance
class 2 {facultative upland). and absent from tolerance classes 1 {obligate upland) and 3 (obligate

wetland).

The distribution of selected attributes within examined microhabitats 15 presented in Table 2,19, As
expected. non-native species achieved their highest proportional abundance on open farm janes and
access reads. open and closed regencrating farm Helds, and. in seasonally dry tree pits. With the
exception of the latter habitat, these habitats were atso rich in toxa with an affinity for open habitats.
Species with an affinity for wet habitats were most abundant in open seasonally wet tree pits, closed
and open seeps, and open riparian marshes. The widespread occurrence of species with a tacultative
or abligate aftinity for wetland habitals was not expected. This patern is i keeping with previous
results (Table 2.14) und supgests that in these toresis. at least, such taxa have a much broader
moisture tolerance than their classification would indicate. The widespread but modest presehce in
closed habitats ot taxa with an affinity for open habitats sugpests that conditions for germinaiion and

establishunent are more limiting than conditions for persistence.
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2.4, Discussion
i} Environmental Heterogeneity

Onaregional spatial scale. environmental heterogeneity was an impartant coniributor to the number
of recorded taxa. Approximately twa-thirds {(64.2%) ot the sarpled flora was recorded on closed.
seasonatly dry. forest floors. sensu stricra. Differences in edaphic conditions. and the presence of
disturbance features. theretore provided additional habitat for approximately one-third ofthe species

recorded in ths atudy.

In this study. the contribution ef environmental heterogeneity to species rchness was strongly scale
dependent. Whereas 21 microhabitats contributed to u significant difference in species dchness at
the quadrat scale (10m x {0m). only 9 microhabitats did 5o at the pateh scale. In keeping with this
pattern. 38 of 39 mucrohabitats contained at least one unique species when evaluated at the quadrat
seale, whereas, 35 and 13 microhabitats did so when evaluated at the patch scabe and landscape scale,

respectively {sce Tables 4.4, 4.5 and 4.6, Chapter 4.

{ne apparent reason for this pattern is that hetzrogeneity provides altertative habilat for specics of
broad environmental toletance. [n these forests. most species { 72.2%) were found to occur in more
than one habitar category (sensy Figure 2.6) and several specics (33.1%) were present in cvery
category. Comparatively few species {21.8%) were canfined 10 one habitat type. Of these, 32
species wete confined to teatures created by human disturbance. 23 species were contined to muoist
or wet conditions. 19 species werg confined to closed dry forest floors. and 16 species were contined
to teatures created by natural disturbance. OF the species that did not oceur on closed, dry, forest
floors, 77 (52.0%% occurted in at least one other habitar category and 41 (27.7%) occurred in eveny
other category, Taken tqgether. these results suggest that most species were able o germinate ot
persist in a variety of settings and that only rarely were they confined to one 1vpe of habitat on the
forest floor. Which habitats were occupied by which species depended on the scale of the analysis.
the local configuration of habitats. and the environmental tolerance of the species involved. In
general. the smaller the spatial scale. the greater the contribution of heterogengity 10 species

diversity.



[n this study, species were particularly tolerant of conditions created by the death or removal of a
Canopy tree {canopy gaps. tree pits, tip-up mounds. stumps. logs). Such features were colonized by
86.0% of the species on closed, dry. forest floors. 82.0%% ot the species in moist or wet habitats. and.
78.0% of the species in habitats created by human disturbance. However. the capacity of species to
colonize or persist on features created by natural disturbance was not uniform. More species were
recorded in canepy gaps {282) than on tip-up mounds 1§ 80). logs (120). pits (97} or stumps (65,

Only 2% of the species on these features were not found elsewhers on the forest floor.

Taken together. these results provide broad support for the hypothesis that eovironmental
heterogeneity facilitates the coexistence of species through the spatial and temporal segreeation of
competing species (Hutchipson 1961, Levin 19741 i3y vitue of their capacity o colonize at least
one other type of habitat. most species in these forests have access to allemative environments where
competitors may do poarly or pot survive, and. where paputations of their own kind may expand

{Picketr 1980, Comins and Noble 1983, Chesson 1986, Baxrar 19%1).

ii) Contribution of Canopy Disturbance to Species Composition

The species compasition of eanopy gaps was similar to the species composition of the adjacent torest
floor. [n general. the specics composition ol dny open cinupy Eeps was not responsive o differences
in gap size §1-100 m-). This suggests that the composition of plant assemblages is dominated by
persisient taxa and that colonization or cxtinetion cvents during the gap phase rarely alter the
composition of' the undersiory tlora ina significant way. Nevertheless, the marked chanee in species
composition of quadrats adjacent to a large, recent, chear-cut stegests thae farger canopy openings
may stimulate the germination of buried seeds and cause significant transient change in species

compasition (Metzper and Schultz 1984).

These findings are consistent with the results of studies of specific features in forests of the US.
northeast.  Studies of forest gaps that examined compesitional differences have reported lirtle
difference between species in gaps and the adjacent forest floor (Ehrenfield 1980, Moore and Vankat

1986. Pickett 1987, 1988a. 1988b. Mladenoff 1990, and Gaoldblum 1997, Gaps in these siudies wers

o6



created by tree fall, gypsy moth defaliation, standing dead trees, or experimental treatments; gap size

ranged from 5-214 m” and from 1-30 years of age.

Similarities have also been reported in the species composition of forest floors, logs. and tree pits.
Thompson {1980}, for example. reported that logs and wree pits were readily colonized by herbs from
the forest floor and that approximately 90% of the species on 1ogs. and 83% of the species in pits.
were recorded within | metre of these features. These findings are consistent with the results of this
study. All species recorded in tree pits. and 94% ol species recorded on logs, were recorded on

closed forest floors.

Studies of tip-up mounds and trze pits, in contrast, have reported distinctive species assemblages
associated with these features (Beatty 1984, Peterson and Pickent 199{). Peterson er af 19940,
Peterson and Campbell 1993). Inkeeping with the results afthis study, mounds were typically more
species rich than pits, although the reverse pattern has been reported for fresh pits and mounds in a
large area of catastrophic windthrow {Peterson and Pickett 1990).  Swdies of environmental
conditions reveal that the soil in tree pits is typically wetter, more aikaline. has a thicker linter layer.
s0il organic matter content. and. experiences less extreme temperature fluctuations. than the soil on
adjacent mounds {Dwyer and Merriam 1981, Beatty and Stone 1986, Peterson and Campbell [993),
L eaf litter depth may be a [imiting factor in these habitats since differences in species composition
were non-significant when leaf lizter was experimenialty removed from pits in declduous forests in
central New York (Beatty and Sholes 1988). Excess muisture is also expected to be limiting in piis
with seasonally saturated scils (Beatty 1984), In keeping with these expectations. low species

richness was associated with both feaf litter and scasonaily saturated soils in this study.

iiiy  Respoose of Sugar Maple to Availabe Calcium

Suparmaple was more abundant, in relative and abselute terms. inundisturbed second-growth stands
on mesic soils that were rich in calcium cations. Stems that were subject to shade stress and self
thinning were more responsive 10 differences in available calcium than were stems in the upper

canopy. When differences among stands were standardized with respect ta soil parent material, seil
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order, and soil series. available calcium explained 70.9 % of the variance in the number of sugar
maple stems in the 4-10 cm size class. and. 34.0 % 10 35.0% of the variance in the proportion of

stemns m the 0-4 cm. 4-10 cm, and 10-30 cm si2e eliss,

These results are consistent with the sharp reduction in mortality of juvenile sugar maple trees
observed on calcium rich soils in pak transition-northern hardwood forests in northwestern
Connecticut (Fobe ef af. 1995, Kobe 1996). Juvenile trees n these studices were defined as any
individual > 23 ¢m tall that did not have feliage reaching the canopy of the stand. The upper limit
varicd from site to site but did not exceed 10 ¢m dbh (diameter breast heighth, [0 deep shade (less
than 3% full sun). the probability of mortality in sugar maple siems declined from 99.8 %6 on acid
schist/gneiss uptands to 14.3 % on base rich soils overlying calcareous bedrock. Ditferences in
sapling monality and grovwth rates successfully predicied the composition of regional (oresis when

incorporated in a madel of forest dynamics (SORTIE .

The mechanisms by which trees bencfit trom caleium rich soils ace presentiv unresolved. Recent
studies of cold temperate trees have found an association between foliar calcium levels and dark
respiration rates (n red spruce {McLaughlin ef e 1991, McLaughhin and Kohut 19923, In these
studies, dark respiration rates declined in the presence of increasing foliar calcium and contributed
io net carbon assimilation in voung saplings (1.2 - 2.0 m tall). Foliar calcium levels were positively
correlated with caleium levels in the soil. a finding broadly supported by tertilization studies in both
hardwood and conifer trees (Dr. V. Timmer. Depariment of Forestry. University of Toronto. pary.
com.).  [nkeeping with the widespread expectation that plants adapted ta low light should have
lower carbon losses via dark respiration. Lusk and Reich (20003 recently confirmed that juveniles
(0.4 -1.5 m talb) of shade wlerant angiosperm trees nypically have lower dark respiration rates than

assaciated less-tolerant species.
An alternative mechanism by which caleium rich soils may contnibute to sapling survivorship is

increased nitowen availability mediated by a calcium-based rise in soil pH. Dancer er af. {1973}

have shown that nitrification rates are strongly and positively correlated with increasing soil pliover
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the pH range 4.7 to 6.6. On calcium rich soils. soil pH 15 enhanced when caleium cations are 1aken
up by tree roots and returned to the soil surface by litter feedback dynamics (Boerner 1984, Khanna
and Ulrick 1991, Wilmot ef af. 1993} [n keeping with this mechanism. leaves of sugar maple
seedlings on deeply shaded sites (<3% canopy openness) had higher nitrogen levels. and higher
growth rates, on soils with higher nitrification rates in northern Wisconsin{ Walters and Reich 1997}
Soil moisture also varied on these soils. however. and the relative contnbution of nitrogen and soil

moistuce could not be determined.

Studies have recently been initiated in the U.S. northeast to ¢larify which of these caleium-based
explanations best explains tree wrowth and mortality relations in upland settings (Dr. A, Finzi.
Department of Biology. Boston University. pers. com.. Dr. R K. Kobe. Departrment of Foresiry.
Michigan State University. pers. com.). At present, the collective tindings of these studies supgesis
that calcium nuerition has important conseqguences in the dynamics and distribution of narth
tempetate trecs. Local ditferences in soil chemistry may theretore lead to spatial patteming in the
distribution of canopy trees that has heretofore been associated with regional differences in mineral
substrate (Braun 1950, Curtis 1959. Pastor ef of. 1984, Host and Pregitzer 1992, Reich ef aof 1997,

van Breemen ef @ 1997).

iv} Response of Herbs to Understory Shade

The response of shade tolerantand intolerant herbs w inereasing sugar maple abundance ( Figure 2 .93
is consistent with declining light ar the forest floor. This was not unexpected. After beech and
hernlock. sugar maple casts the deepest shade in forests in the Great Lakes region (Pacala et of
1996). and. has the lowest percent wansmission of photosynthetically active radiation (Canham e!

al. 1994),

Curtis {1959} has argued that the forest floor is a demanding environment that requeres specialized
traits for success and that it is the limited set of species that possess those traits that has led to the
striking uniformity in species composition in the mesic hardwood forests of eastern North America.

[n keeping with this hypothesis. 92.3% ofthe species that were prevalent in the understory of forests
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in the Mapie-Basswood forest region in Wisconsin were present in maple dominated forests in this

study {Appendix 14).

Early spring flowering is one of several plant traits that has been associated with deep shade in the
forestunderstory. In herbs with iow shade tolerance. early lowering is associaled with an ephemeral
{Sparling 1967). or winter annual (Rogers 1982). lite history. Each facilitates net earbon gain by
eestricting the srowth phase to periods when the canopy is leaf free. More commonly, however, the
early flowering habit is associated with varying degrees of shade tolerance that enables shoots and
leaves 1o persist until mid to late summer {Sparling 1967. Rogers 1982} The latter combination of
characters was more common in the Peterborough area where only six of sixty-two carly Howerdny
species were spring ephemerals {(ANiwm mricoccuwm, Cuvlophvifam thalictroides, Clentonia
cdroliniang, Dicensra canadensis, Dicentracucullariu. Ervthronium americanumy only one spacies

{(Craffum aporine) wis a known winter annoal,

Related plant traits that may facilitate survival in deeply shaded habitats include winter-green [eaves
{Bierzychudek 1982) and the initiation ot shoot growth { Tayler and Pearey 1976) or flower initials
{Bierzychudek 1982} in carly awtumn. The former trait greatly extends the period of carborn pain in
species such as Carex plantaginea. Hepativa ecwiloba, Maivnthemum canadense, Tiarella
vardifalia, Trivntalis borealis, Viola flanda, and Fiedu rostrata, whereas the |atter ceaits facilitate
early spring growth and tlowering in speeies such as ddlinm tricoccam. Tritfivm srandiflorum.

Arisaema triphvilum, and Geranfum maculetim,

The capacity of plants to tolerate deep shade has been attributed to a suite of traits thar facilitate the
capture and processing of light energy at the lowest net cost. Morphological characters associated
with shiade plants include: thin leaves with a large surtace area (Grime 1963): a higher proportion
of chlorophyll & relative to chlorophy1l @ {Boardman 1977): a chioroplast with large vrana stacks
oriented in more than one plane (Boardman 1977} a higher proportion of leaf nitrogen allocated to
chlorophyll than to carboxylating enzymes and other proteins {Seeman et al. 1987, Niinemets 1997,

Lusk and Reich 2000); a rapid stomatal respense to changes m light intensity (Hicks and Cabat
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1985}; and leaves deployed in horizontal, non-overtapping layers (Gnime 1965, Hom 1971). These
traits facilitate the capture of energy in low iight environments while minimizing the energetic cost
ta construct and maintain piant tissue. The latter is perceived to be especiallv important since it
results in a lower leaf dark respiration rate and lowers the compensation point for net carbon gain
{Grime 1965, Loach 1967. Lambers ef ai. 1983, Lusk and Reich 2000). These characters were not

scored directly in this study owing to the lack of a suitable data set.

v} Response of Herbs to Available Calcium

Pata from this study suggests that many plants of the forest understory may be responsive to
differences in available calcium. Ephemeral spring herbs. for example. typically oceurred on more
calcium nch scils {mean concentration = 6.9 cmolke) than planis with persistent shoots that
flowered priar ta, or after, canopy closure. Earty spring flowering plants with persistent shoots
tvpically occurred on more caleium rich soils than plants which flowered mid to late season and
completed most or all of their life cycle under a closed canopy {mean concentration = 3.7 and 3.4
cmol/kp, respectively), but not sipnificantly so. The shade toierant members of the {atter funcrional
groups. however. oceurred on more calcium rich sotls than species with moderate and fow shade
tolerance. This pattern suggests that plants in these forests have partitioned the calcium availability

gradient in relation to the degree of shade stress to which they were exposed.

The mechanism(s) by which plants benefit from calcium rich soils have not been resolved.
However. the greater availability of nitregen arising trom a calcium-mediated rise in soil pH may
be particulatly important for ephemeral spring herbs. since they typically complete their life cycie
before the canopy closes {Afivm tricoccum. the apparent exception. flowers mid to late summer).
These species typically have a high light compensation point and a high saturation light intensity
{Sparling 1967, Taylorand Pearcy | 976) and may theretore have a greater physiological requirement
for mitropen than more shade tolerant species. The reported affinity of ephemeral spring herbs tor
base rich. and particularty calcium rich. soils (Curtis 1939, Rogers 1982) may therefore be due in

pact to the greater availabiliiy of nitrogen on these soils,
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For shade tolerant herbs. however. the principal mechanism may be a calcium-mediated reduction
in dark respiration rate. The morphology and physiclugy of these species typically emphasizes the
conservation of reserves rather than photosynthetic performance (Went 1957, Grime 1963, Laach
1967) and thus may benefit more from a reduction in dark respiration rate than from a sredter
availahility in nitrogen. Efficient use of high iradianer requires a high nitrogen investment in
carboxvlating enzymes and proteins responsible for photosynthetic electron transport (NMunemets
1997}, Shade tolerant species, however, (ypically allocate proportionally more leaf nitrogen o
¢hloraphyll than to carboxylalion capacity (Seeman ef o, 1987). This investment pattarn is thought
to be the primary reason why shade tolerant species have a lower respiration rate per unit of leaf ™
(Lusk and Reich 20001 and an inrinsically low photosynthetic plasticity (Niinemets 19971 In
keeping with the laner finding, experimental ransters of planis between high and low Fight
environments have shown that dark respiration rates can change much more tapidiv than
photosynthetic capacity { Azcon-Bigto and Osmond 1983, Sims and Pearcy 1991). Taken together.
these findings suggest that shade tolerant plans on caleareous soils may benelit more from a

reduction in dark respiration rate than from a greater availability in nitrogen.

vi) Contribution of Patch, Edaphic and Matrix Yariables tv Species Conmposition

Patch variables explained more variance in the distribution of species in the forest understery than
did edaphic or matrix variables (36.1%0. 28.1% and 10.2%. respectively}. Pateh variables in this
analysis were measures of stand structure (forest cover type. stem diameter class. # tree species).
stand disturbance (% canopy closure. repenerating ficids. [anes. canopy gaps). and overall plant
respanse to local site conditions and biotic interactions { patch membership). Edaphic variables were
measures of inherent moisiure refention capacity and soil fertility {soil parent material. soil order.
sofl moisture class. and percent soil organic matter). Matrix variables were measures of the degree

of torest fragmentation in the local landscape (patch urea and patch isclation).
For the purpose of this analysis. patch variables were viewed ay indicators of processes operating

on ecological time scales and at small spatial scales. whereas. edaphic and matrix variables were

viewed as indicators of processes operating on long time scales and at larger spatial scales. Withio
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this framework. the results of this analysis suggest that both local and regional processes have
intluenced the composition of sampied plant assemablages. [n particular. the strong contribution of
edaphic variables provides support tor the view that the diversity of species in a given setting cannot
he explained solely by processes operating on short 1ime scales at the local spatial scale (Ricklefs

1987, Ricklefs and Schiuter 1993,

The principal contribution of this analysis. however. iy that i reveals the inherent difficulty in
selecting appropriate indicators for such a test and in characterizing processes at the appropriate

spatial and temporal scale.

[n 1ts present form., this analysis clearly overstates the regtonal contribution of edaphic processes by
failing to acknowledge that ecological consequences of regional differences in soil moisture and soil
fertility are expressed at the scale of the germinating seed and the competing plant assernblage. The
contributions of reervitment limitation and success to species diversity are thus regional. in the sense
that they are a consequence of placiation and pedopenesis. and lacal, in the sense that operate at the
scale of the torest patch and intluence the strenpth of competitive interactions. The former reatfirms
the impontancs of viewing local processes in broader coniext whereas the latter atfirms the primaey

ot processes operating at the local scale,

In its present forn, this analvsis may alse overstate the contribution of forest tragmentation. since
large patches in this study were situated primarily on dry sandy soils. and. small patches were
situated primarily on loam soiis that were often seasonaliy moist or wel, Differences in species
compasition, there fore, may be due primarily to ditferences in edaphic eonditions rather than o post-
settlement colonization and extinetion events. The degree 10 which the composition of present-day
assemblages is the legacy of past migration events in a continueous ferest envirenment is unknown,
However. the modest percentage of alien taxa in vegetation sumples {typically < 3%. Appendix 9).
the similarity in composition of canopy openings and the adjacent torest floor (Figure 243 and the
prederminance of short-distance dispersal (see Chapier 3). suggests that the composition of the

understory flora has been little modified by forest fragmentation.
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The larger issue raised by Ricklets {1987) remains. howevet. Periodic and chance events such as
hurricanes. pathogens. fre, differential rates of migration. and past land use, when discerned. have
all been shown to have a marked influcnce on the compasition of present-day assemblages. While
it is clear that a comprehensive explanation of community requires an integration of physical and

hiologtcal factors, over space and time, the practical challenge of how to achieve that explanation

has not been met.

vii)  Percent Varianee in Species Composition Explained by CCA Ordination

The percentage ofthe variance in species composition explained by environmental vatiables in CCA
(¥ canonical ejgenvalues ~ Y unconstrained eipenvalues) was a modest 75.6%. A subset of these
same variables. in contrast. explained 38.3 % of the variance in species richness in multiple linear
repression (see Chapter 4.0). Reports of modest explanaiions of variance in CCA are widespread
in the ecological literature {e.y. ter Braak 1987, Borcard ef of. 1992, Okland and Eilertsen 1994
Aude and Lawesson 1998, Ohmann and Spies 1998, ter Braak 1999, In forest studies. the pereent
of total variance explained (% TVE) has ranged from 10% {Ohmann and Spies 1998) to 8% ( Aude

and [ awesson 1948) despite comprehensive environmental data.

In my study. tour properties ot the data may contribute to the modest percent of varance explained
by environmental variables. First. the median species (tequency was 7 quadrats. This property will
generate 3 higher turnover in species compositon for a given richness and thus reduee the percent
of variance explained in CCA. This phenomenon has heen characterized as a rare species effeet by

Cthmann and Spies (1998) but it applies more gencrally sinee most species are "rare” in most data

sats.

Second, the median number of microhabitats per 10m x 10m quadrat was 3 (range [-10). In
principle, envitonmental heterogeneity should lead o differences in composition tor a given value
of species richness, since species vary in the type and range of habitats occupied. This intumn should
lead to greater variability in species composition and reduce the percent of variance explained in

CCA. In keeping with this expectation, habitat diversity explained more variance in species
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richness (F=11.5, radj.=0.052, simple lincar regression) than in the dispersion of species in CCA
ordination space (F=3 83, Monte Carlo permutation test. %TVE=1.97%} {follow-up analyvses. nat

shown}.

Third. the spalial resolution of the environmental data is large relative to the conditions experienced
by a given seed. seediing. or mawuing plant. This should 1ead to a Jower explained variance in
species composition since recorded data will Fail 1o account for variability inconditions that lead to
differential germination. growth, and persistence. Soil conditions that contnibute to differential
germination success and to the availability of essential nutrients. for example. typically occur on the
scale of centimetres (Harper et 2l 1963, Harper 1977, Pacala and Silander 1990, Kosola ef of, 1999)
whereas soil properties in this study were measured on the scale of metres or taken from published
regional seil surveys. The maximum correlation benween vegetation and environment should be
achieved when differences in plant-environment and plant-plant imteractions reflect the average
variation in the physical and biotic environment{Reed eraf 19933 The scale at which this occurs

has been shown to be atinibute dependent (Palmer 1990, Reed ef o, 1993, Ghumann and Spies 19981

[n kesping with this pattern. attributes of the environment that varied at larger spatial scales {such
as soil parent material, soil order, cover type} rypical v explained more variance in composttion and
richness than attributes that varied at smaller spatial scales {such as stand structure variables,
disturbance features). Differences in soil paremt material, for example. explained 4.3% of the
variance in species scores in CCA, and 20.9% of the variance in species richness, whereas the
presencefabsence of disturbance features explained onlv 1.8% of the variance in species scores in

CCA and 3.3% of the vanance in species richness (Table 2,13 and foillow-up analvses. not shown),

Fourth. the iemporal resolution of the environmental dara often fails to account for past events that
are known contributors to differences in composition and richness. such as post-glacial plant
migration [Davis 1981a), major storm events (Hemry and Swan 1974}, extreme values for
temperature and moisture {Okland 1996, Ohmann and Spies 1998). and land use (Petticef e, 1993,

Motzin er g/ 1996). While aspects of these events may be captured by analyses of pollen proiiles
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{Davis 1983}, stand structure {Lorimer 1983). soil properties {Bormann er ol 1993), soif profiles
{Beke and McKeague 1984), fire scars (Lorimer 1983). etc., the contribution af'stand histary is likely

0 reman largely undebfined.

Additional sources of unexplained variation reside in certain technical properties of CC AL The goal
of CCA 15 to select the linear combination of environmental variables that maximizes the dispersion
ol species scoresin ordination space (ter Braak 1987). Unlike principal components analysis{PCAY,
CCA 1s not a maximal variance extraction technique and thus the fraction of inertia explained by
CCA can be quite modest (ter Braak 1999). [ strict terms, the "percentage variance™ reported in
CANOCO is not a rue variance. Rather it is the portian of the total inertia that is explained by the
extracted axes (ter Braak 1999}, This proportion is an analogue to r in linear regression but is not
a true coefficient of determination, One consequence of this is that when the number of variables is
lass than the number of extracted axes. the fraction of inertia explained by the submitted variables
will abways be less than 100%. Moreover. as in CA. site scores on the second axis may form a
quadratic relation with those on the Frst axis. This fault. known as the "arch effect™. (s typically less
af a problem in CCA. but when present. will contribie to the inertia of the ordinalion and reduce
(or enhance!} the amount of variance that can be explained iter Braak 1999). As a consequence. ter
Braak {1999) has cautioned users not to interpret a Jow thigh) "vanance explained"” as a paor (good )

tit of the ordination model.

The modest percentage variance in species compasition explained by traditional dota sets in CCA.
therefore, may not be unreasonable. While the coniribution of certain technical aspects of the
method may not be readily quantified. there are several properties of traditional data sets that may
account for the modest explanation of vanance in species composition in CCA. and. for a modest

explanation of variancs in composition compared to species richness.

viii) Patiern of Functional Attributes in Relation to Environmental Gradients

The functional attributes of plants examined in this study individually explained more variance in

the dispersion of species scares in CC A than did most attributes of the environment (Tables 2. 16 and
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2.13%). Habitat affinity and life form individually explained more varance in the distribution of
species than did provenance or life history, and. cellectively explained 47 .4% of the vartance
explained by environmental variables {Figure 2.2). The capacity of life form to explain varianee in
the distribution of species is the more interesting case. in this study. since habitar affinity was

defined in relation to canopy closure.

The capacity of life form to explain variance in the distribution of sampled species is due in part to
the difference among life forms in shade tolerance {Table 2.17). Grasses, herbs. shrubs and vines
inthese forests were relatively shade intolerant and were significantly more Frequentin quadrats with
taw canopy closure ¢high light) (p=0.0003, Wileoxon rank sum tests. not shown). [n keeping with
this autcome. the number of species of the most shade tolerant life forms {fem allies. terns. trees)

did nat vary with canopy closuie.

The moisture tolerance ot species varied within, but tvpically not among. lite forms {Vable 2.18),
With the axception of the fern allies. the species associuted with each life form were more toleramt
of upland conditions {moisture classes 1,23 than of lowland conditions (moisture classes 4.5). In
apparent contrast ko this pattern, the ferng, prasses and herbs were propertionally more species rich
in quadrats with gleved soil horizons and seasonally wet depressions . The contradiction is more
apparent than real. however, since 8 majority of ferns. grasses and herbs were tolerant ol moist 1o
wet conditions when the taxa of intermediate toleranee | moisture ¢lass 3) are taken into account, The
moisture regime of quadrats with seasonally wet depressions ty pically ranged lrom mesic to wet and
thus provided micra-sites for taxa across the moisture continuum. In keeping with this perspective.
the mean moisture tolerance rating of species in 10m x 10m quadrats did net vary among moisture

classes (p>y'=0.98, Wilcoxon rank sum test, not shown.

Life forms in these forests. therefore. appear 1o be more diversified with respect to meisture than to
light. This pattern is not unexpected given that differences in moisture availability are less transient
than differences in the availabilicy of light. In keeping with this line of reasoning, the difference in

shade tolerance among life forms was not significant when only "F" and "F+0" speeies were
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considered. Species with an affimty for open habitats were also diversified with respect 1o moisture
(p>y=0.28. Likelihood ratic test. not shown) and were as likely to be found in natural canopy
openings associated with large seeps as in upland habitats beneath canopy gaps created by human
disturbance ar by wind-throw. Asin the previous case. the ditference in shade tolerance among life

forms 18 not significant when only "Q" and "O+F" species are considered.

A sharp conirast in shade tolerance does arise. however. in life forms that are predominately shade
tolerant. such as the ferns. fern ailies. and trees, or, that are predominately shade intelerant, such as
the vings and grasses (p>¢=0.0001, Likelihood ratio test. not shown). These life Forms may be
found in both open and ¢losed habitats. but not with equat frequency. In contast. the hetbs and
shrubs were more diversified across the light gradient and species were equally as likely ta be tound
in closed as in open habitats. Ditferences in shade tolerance among these life forms are not
significant {p>y¢=0.48, Likelihood ratio test, not shown). These panerns persist when non-native

spectes {which are predominately shade intoierant) are removed from the analysis.

Life form. therefore, is a significant contributor to difterences in the composition and distribution
of species in these foresis. Based on the patterns of shade and moisture tolerance summarized above.
the distribution of most life forms should be marked!ly non-randem. Ferns and tem allies should
occur praimarily on moist soils under a ciosed canopy: vines should occur primanly on maoist sails
under a thin or broken eanopy; and, grasses should oceur on a variety of seils but primarily under
braken or open canopy conditions. Herbs and shrubs. un the other hand. should be found throughour

the torest. And, not surprisingly, this is typically what was found.

.5  Principal Findings

L. Traditional environmental factors explained 25.6% of the variation in composition of plant
assemblages in the understory of twenty-tour. second-growth, northern hardwood, forests
near Peterberough, Ontario. The distribution of species was most strongly influenced by

gradients in s0il moisture, soil order. forest cover type. percent canopy closure, and soil

parent material.
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The patterns in plant responise to differences in soil moisture. soil fertility, and available light

are consistent with the results of previous studies of hardwood forests in the Great Lakes

region and northeast Linited States.

The distribution of species within forest patches was strongly influenced by micrchabitat
features created by glacial history. landscape position. the death of canopy trees, and human
disturbance: moist or wet forest flaars. seeps. tip-up mounds, tree pits, stumps, logs. canopy
gaps. raised root mats. lanes, ditches and repenerating fields, These features created habicat
opportunitics for 35.8% of the recarded tlora that did net ocour on closed. seasonally dry.

forest floars, sensu sirict.,

These results provide support for the hvpothesis that environmentat heterogeneity contribules

ta species diversity through the provision of novel resources.

Environmental heterogeneity at the patch scale provided alternative habitat for species of
broad environmental tolerance. When the distribution of specics was examined in rclation
to four generalized habitat categories (closed drv forest floors: moist or wet habitats: features
created by human disturbance; features created by nameral disturbance ). most species (79.245)
were present in more than one habitat category. and several species (33.2%) were present in

gvery categary, Comparatively faw species (21.8%) wete confined to only ene habitat tvpe.

In these forests. species were particularly tolerant of conditions created by the death or
remaval of'acanopy tree {cancpy gaps. treg pits. tip-up mounds. stumps. lags). Such teatures
were colonized by 86.0% of the species on closed dry forest floors, 82.0% of the species in
moist ar wet habitats. and 78.0%4 of the species in habitats created by human disturbance.
However, the capacity of species ta colofiize or persist on these teatures was not unitorm.
More species were recorded im canopy gaps (252) than on tip-up maunds (1800 lows {120,

pits (97) or stumps (64).
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These results provide support for the hypothesis that heterogeneity facilitates the coexistence
of species through spalial and temporal segregation of competing species. By virtue of thetr
capacity to colonize at least one other habiiat in the local environment. most species in these
forests have access to alternative environments where their competitors may do poarly or not

survive and where populations ot their own kind may expand.

The species composition of canopy paps was similar 1o the species composition of the
adjacent forest floor. The species composition af drv open canopy gaps was tvpieally not
responsive to differences in gap size (1-100 m'y. This suggests that ilve composition of plant
assemblages 1s dominated by persistent taxa. and, that colonization or extinction events
during the gap phase rarely after the composition of understory plants in a significant way,
A marked change in the species composition ot quadrats adjacent to a recent clear-cut stand
suggEests that larger canopy operungs may stimulate germination of buried seeds and cause

significant transient change in the composition ol understory plants.

Marked differences in the survivorship of juvenile sugar maple stems was observed on a
gradient of increasing caleium availahility in undisturbed forest stands on mesic soils
overlying calcarecus till. Stems that were subject to shade stress and self-thinning wete
more responsive to differences in available calcium than were stems in the upper canopy.
When differences among stands were standardized with respect to seil parent material, soil
arder and soul series. available caleium explained 70.9% of the variance in the number of
stems in the 4-10 ¢m dbh size class, and. 34.0% to 35.0% of the variance in lhe proporion

of stemns in the 0-4 ¢m. 4-10 cm. and 10-30 cm dbh size class.

The data are consistent with the sharp reduction in mortality of juvenils supar maple stems
observed on caleium rich soils in eak transition-northern hardwood farests in northwestern
Connecticut (Kobe er af. 1993, Kobe 1996) and suggest that on mesic soils the distribution
and abundance of sugar maple may be secondarly constrained by the availability, and ratio.

of base cations.
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Data from this study suggests that planis of the forest understory may alse be responsive to
differences in available calcium. Spring ephemeral herbs. and shade tolerant plants generally.
typically occurred on more calcium-nch soils than plants of maderate gr low shade tolerance.
Plants with persisteni shoots that flowered prior to canopy closure typicaily oceurred an
more caleium rich soils than plants with persistent shoats that flowered mid to late season.
but not significantly so. Trairs that extend the period of carbon ain in deeply shaded
habitats, such as a winter annual life history. winler-green leaves, and. the initiation of shoaot
growth or flower mitials in the early autumn. were strongly associated wath sugar maple

stands on calcium-rich soils.

The mechanisms by which plants benefit from calcium rich soils have not been resolved. The
greater availability of nitrogen arising from u calcium-mediated rise in s0il pH may be
particularly important for ephemeral spring herbs since they typically complete their life
cyele priar to caropy closure. Shade tolerant herbs. however. may benefit more trom a
calcium-mediated redoction in dark respinution rate since the morphology and physiology
of these species typically emphasizes the conservation of resources rmather than

photosynthetic performance.

Patch variables explained more variance inthe distribution of'species in the forest understory
than did edaphic or matrix variables (36.1%. 28.1% and 10.2%, respectively). Pawch
variables were viewed as indicators of processes that operate at small temporal and spatial
scales, such as competitive interactions, short-distance dispersal. and heierogeneity created
by the death or removal of canopy trees. bdaphic vanables were viewed as indicators of
processes that operate at larger temporal and spatial scales an such as placiation and
pedogenesis.  Matrix variables were viewed as indicators of dispersal and migration

constraint within the present-day landscape.

Within this framework. the results ot this analysis suggest that both local and regional

processes have infleenced the composition of sampied plani assemblages. The strong
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contribution ol edaphic variables provides support for the view that the diversity of species
in a given setting cannot be explained soiely by processes operating on short time scales at

the local spatial scale.

Habitat atfinity and life form explained 67.6% ot the vanance in species composition
explained by environmental variables. The explanatory power of these variables was largely
due to their capacity to account for differences in the availability of light. Ferns and fem
aflies occurred primarily on moisi soils under a closed canopy; vines occurred primarily on
moist soils undera thin orbroken canopy: grasses accurred an a variety of soils but primarily

under broken or open canopy conditions. Herbs and shrubs werg found throughout the forest

understory.



34  DISPERSAL PATTERNS

EW | Introduction

Dispersal is the stage in a plant’s life cyvele in which the spore. seed. fruit. or vegetative propagule.
detaches from the mother plant. wravels through space. and comes 1o rest an a nearby or distant
surface (Ridley1930, Bergl983. Little and Jones[980). Dispersal may he achieved in one or more
episodes and involve one or more agents (Matlack 1989 Beatticand Lyons 1973, Venableand Levin
1985, Greene and Johnson 1997). The sequence of cvents may differ somewhat for vegetative
propagules but must result in 8 detached. independentlv-rooted. ramet to be considered dispersal in
this s1udy. In spatially siructured populations. dispersal is expected (o serve thres population-
dynamic functions: 1) reducton in the nisk of low demopraphic success: 1i) esedpe rom the nepative
consequences of crowding: and, i) escape from the negative consequences of interactions with

siblings {Venable and Brown 1988, 1993),

Patern in dispersal events is predicted to have profound consequences for populations and
communities since dispersal governs variance in the size and composition of the seed rain {Clark and
Yi 1995), affects the probability that a diaspore will land in a site suitable for germmination
{Harper1977, Sorensen 1978, Venable and Levin1983), determines the initial conditions that seeds
and seedlings confront {Schupp and Fuentes 1993). altvets the initial spatial array of individuals in
a population {Thiede and Aupspurgert996). determines who interacts with whom and with what
inmtensity [Shmida and Ellner 1984, Pacala 1986, Silander and Pacala 1998, Rees 1995, Rees ef o,
1996). influences local extinction rates by aftecting the probability that declining or extirpated
populations are rescued {Brown and Kodric-Brown 1977, Holt 1993}, influences the rate at which
plants colonize new habitat (Halpern ef @l 1990, Matlack 1994, Koranen 1997, Brunet and von
Oheimb 1998) and the sequences in which they arrive { Drake 1991, Fastie 1995 ).and. influences the
level of gene tlow within and between populations and thus the degree to which neighboring plants
are related (Williams and Guries 1994) and genetic variaton is structured spatially (Levin 1981.

Hamrick and Gedt 1997, Hamrick er af. 1993).



The diaspores of many species possess morphological teatures or chemical properties that facilitate
dispersal by a particular agent or mgchanism (Ridley 1930, Danseresu and Lems 1957, van der Pijl
1982, Thompson ef af [997). Features considered important for dispersal in temperate forest
habitats. and their associated dispersal syndrome. include the follawing: a fleshy pulp or aril that
i3 caten by frugivores and the seeds are regurpitated or excreted unharmed {endozoochory): hooks.
barbs. awns or scabrous hairs that cling to fur or feathers (epizoochory ). an il bedy (¢laiosome) that
iz attractive (o ants and the seed or frujt is moved betore the hody 18 #aten and the seed discarded
unharmed (synzoochory s.f. mvrmecochory 5.5 wings. plumes. hairs. flatiened or inflated
structures that increase air resistance and slow the rawe of aenal descent of seeds and fruits
(anemochory ) a splash-cop or ballistic mechanism that forcefully expels the seed trom the plant
(ballochory}. a hard seed coal or antifungal agent that facilitates the persistence of seeds in buried
seed pools (chronochory): a detachable vegetative propagule or disinteprating rhizome. stolon or
runner that permmits the gstablishment of an independent ramet {various syndromes. autachary ».0.
(Ridley 1930, van der Pijl 1982, Sorensen 1986. Wurr of of 1991, Thompson ef ol 1997, The
terminology tor dispersal syndromes follows van der Pijl ( 1982) and Little and Jones ( 19800 suftix

"-ghoty" From cherein = to wander,

The spatial arrangement of established planis is governed initially by the distance diaspores uavel
in space or time. the pature of the dispersing agent. and the character of the recgiving environment,
The distance diaspores travel in space is influenced by a variety of tactors including propagule
morphology (Baker and O ' Dowd 1982, Sacchi 1987, Willson 19931, the agent of dispersal { Hughes
ef of. 1994). plant height (Shelden and Burrows 1973) inflorescence position (Trapp 1988).
proximity and character of the surrounding vegetation {Thiede and Augspurger 1996). weather
variables (Campbell 1983 ), seed processing method of animal vectors ( Levey 1986), retention time
in the digestive tract of animal vectors (Proctor 19681, retention time on the ¢xterior of animal
vectors [ Buliock and Primack 1977). ferrying time by insects (Berg 1973, Jules 1996). and related
factors. In general, diaspores with facilitating features travel farther than those without special
devices{Willson 1993}, smaller and lishter diaspores travel farther than larger and heavier diaspores
of similar mode (Hoppes 1988, Matlack 1989), diaspores dispersed by animals travel farther than
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those dispersed on the wind or by ballistic mechanisms t Appendix | 1). diaspares dispersed from
taller plants and elevated positions trave! farther than those dispersed from shorter plants and lower
positions (Sheldon and Burrows 1973). For most plants. the propartion of diaspores dispersed
declines sharply with distance creating seed dispersal curves with long rails (Pertnoy and Willson
1993}, The small fraction of diaspores that disperse heyond their immediate surroundings is
considered critical for species of transient habitats {Harper er af. 1970, Mever and Schmid 19693,
and for metapopulations { Hushand and Barrett 1996, Valverde and Silvertown 1997, and may be

gssential for plant fitness in general (Stebbins 1971 1974y

The manner in which distance contributes te the population-dvnamic functions of dispersal is
presently being re-evaluated as studies reveal that many species lack fearures that may fac:litare
dispersal (Willsen 1993, Hughes et «f. 1994). that most diaspores teavel only metres or tens of
metres trom the parent plant (Levin 1981, Willson 1993, Hughes er of 1994, Cain ef ol 1998,
Appendix 11). that most dispersal events in spatially variable environments place diaspores in less
tavotable environments {Cohen and Levin 1991, Holt and McPeek 1996}, and. that short distance
dispersal may promoie coexistence among species (Atkinson and Shorrocks 1981, Shmida and
Eltner 1984, Pacala 1986, Silander and Pacala 1990, Hurt and Pacala 1995, Rees erad. 1996). These
and relatad studies suggest that for many plants the most important dispersal outcome is achicved
at a distance of 1-2 cancpy diameters from parent plant and that any further advantage to be gained

at greater distances is not preatly atficted by the dispersal mode adopted (Hughes er all 1994,

Portnoy and Willson 1993).

Meverthelass, that some propagules must achieve longer dispersal distances for overall plant titness
appears certain in view of the evolution of polychorous {multimodal} species and their investment
in structures such as elaiosomes. and dimorphic seeds. which greatlv extend the dispersal reach of
diaspores {Berg 1969. Westoby 1981, Venable and [.evins 1985): the continuous variation in
marphology of dispersal structures of individual plants that extends the dispersal reach ofunimodal
species and monomerphic seeds (Sacchi 1987, Michaels ef 2 1938); and. the skewed frequency

distributions of dispersal distances achieved by all plants. no matter what the mode of dispersal



{Portnoy and Willson: 1993). Dhstance matters, therefore, though not perhaps 10 the degree once
thought (Ridley 1930).

The environment in which a diaspore lands is often a matter of chance alone. However. for some
modes. and for propagules that travel only a short distance, the probability of landing in a particular
type of environment is better than chance. The directed quality of such dispersal creates the basis for
pattern in the spatial arrangernent of plants. Direct analysis of the seed rain provides the strongest
evidence for directed dispersal {sensuw Howe and Smallwood 1982, Hanzawa ef of. 1988) since the
spatial arrangement of estabiished plants can be influenced by differential germination success,

competitive interactions. and other factors.

For plants dispersed by animal ingestion, the character of the seed rain, and where it lands. may be
influenced by a variety of mechanisms. ncluding the behavior and habitat preference(s) of the
dispersing agent. the size and composition of the fruit consumed. the manner in which the truit is
calen and seeds are processed. the degree to which seeds are voided algne or in the company of
others. and the type ofhabitat in which post-foraging behavior occurs ( Proctor 1968, Thompsen and
Willson 1978, McDonnell and Stiles 1983, Johnson er . [985, Levy 1986, Piper 1986, Stiles and
White 1986, Hoppes 1988, Malmborg and Willson 1988, White and Stiles 1990. Stiles 1992
Schupp 1993, Kolimann 1993). Spatial pattern arising {rom these mechanisms has been detected
in the seed-fall of bird dispersed plants in an Illinets woodland (Hoppes 1988, Malmborg and
Willson 1988) where 33% of the seeds of fleshy fruits trom artificial displays (seven species.
representing tour life forms) Fell in tree-fall gaps. 33% fell within 9 metres of the gpap edge. and 14%
fell in undisturbed forest. Pattern in the receiving environment has also been reported for species
of oak. beech. and pine arising from the seed caching behaviorof bue jays ( Darley-Hill and Johnson
1981, Johnson and Adkisson 1985) and Clark’s nutctacker (Vander Wall and Balda 1977, Tomback
and Linhart 1930). Paitern in the consumpiion of seeds by small mammais has rarely been detected
owing 1o complex interactions among conttibuting factors (Willson and Whelan 1990. Whelan er
af. 1991, Willson 1993b, Boman and Caspar 1995). although a tendency for scat to be deposited at

the base of trees and ¢n logs has often been observed.
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For plants dispersed on the exterior of animals, the character ot the seed rain and the receiving
enviranment are expected to be l2ss predictable. owing 1o differences in the "ser” of individual barbs,
the rate of uptake and retention of diaspores in different vegetation tvpes, the rate of detection and
removal of diaspores by animal vectors, and, the adhesive properties of diaspores and animal hides
{Agnew and Flux 1970, Bullock and Primack 1977, Sorensen 1986, Williams and Guries 1994,
Kiviniemi §996). Unlike dispersal by ingestion, dispersal by adhesion is often a random process in
which diaspores attach and detach as the animal moves. Depending on local eircurnstances and the
vector involved, some diaspores may travel only a shon distance. while others may travel farther
than fruits dispersed by animal ingestion or the wind {Sorensen 1986, Matlack (994, Bruret and von
Oheimb 1998). Nevertheless. pattern has been detected in the spatial distribution of cstablished
plants. In an intercontinental survey of ten regional Horas. plants with adhesive fruits were more
likely than other plants to sceur in disturbed, meadow, lakeshore, and desert habitats. and. wete

significantly more common in woodlands than in other habitats examined (Sorensen 1986).

For plants dispersed by ants. the destination of the diaspore is the nest and associated disposal sites
which are often located within metres to tens of metres of the pavent plant { Berg 1973, Handel 1976,
Culver and Beattie 1978). The character of the surrounding environment in which the seedling
emnerges, however, has rarely been assessed. In habitats where mytmecochory is commeon (dry
sclerophvll vegetation in Australia: meadows and forest understories in North Temperate regions
Rice and Westoby 1981.1993: Sermnander [906. as cited in Rice and Westaby 1986; Beartie and
Culver 198 i), ant-dispersed spectes are cornmonly found in a variety of microsites. The environment
in which a seedling establishes. therefore. may have more to do with the deyree of heterogeneily in
the jucal environment than with the presence or absence of particular conditions. The relative
importance of benefits anising from the escape [rom predators (O Dowd and Hay 1980. Heithaus
1981). the distance diaspores move [ Westoby and Rice 1981). or the placement of seeds in suitable

microsites {(Hanzawa er af 1988). is still open 10 debate (Rice and Westoby 1986, Andersen 1988).

For plants dispersed by wind and by ballistic mechanisms. the character of the receiving environment

is expected to be highly variable. For most diaspores. however. the receiving environment will be
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the immediate surroundings of the parent plamt since most diaspores travel only a short distance
{Appendix T1). Pattem in the spatial array of these species, therefore, is expected to arise tram
differential permination suecess, and competitive interactions. rather than from the effects of

dispersal per se.

For plants dispersed in persistent sced pools {sensie Thompson e ef. 1997}, the character of the
receiving environment will be governed primarily by environmental heteropeneity since the seeds
of these plants are typicaily dispersed by the wind, ballistic mechanism. or adhesive fruits. The
cnvironment in which germination takes place. however. will tvpically be disturbed habitats since
dormancy is favored (o evolve in small-seeded plants in variable environments { Venable and Brown
I988). The seeds of these plants tvpically lack the metabolic reserves to establish under a closed

canopy (Savernimuttu and Westoby 1996, Westoby er of. 1996},

From information presented thus tar. one may conclude thal: i} dispersal has consequences for
population and comrmunity structore; ii) dispersal may be a non-limiting process within habitat
patches owing to the predominance of short-distance dispersal; iii} the environment in which a
diaspore lands is gaverned by its mode of dispersal: ividispersal is primarily a deterministic process
for diaspores that remain close o the parent plant: v} dispersal is primarily a stochastic process for
those that travel mere than a tew metres from the parent plant, i) bath short and long-distance
dispersal contribute to plant fitness: vii) pattern in the seed rain may arise from dispersal but may

prove difficult to discern in established vegetation owing to the number of mechanisms involved.

The contribution of dispersal to pattern in plant communities may be atfected by interactions with
other plant traits that contribute to reproductive success. Interacuons amony traits that represent
different ways of escaping unfavorable conditions have attracted particular attention sinee selection
pressure that tavers one trait may indirectly select against another (Levin ef i, 1984, Venable and
Brown 1988, Rees 1993). Reported interactions and apparent trade-offs of interest to this study
include: seed size and habitat (Salisbury 1942, 1974, Baker 1972, Mazer 1989, 1990); seed stze and
seed number {Harper 1977); seed size and dispersal mode (Westoby er el 1992, Hughes et af. 1994,
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Rees 1994); seed size and dormancy {Rees 1996): dormancy and dispersal {Bulmer 1984, Rees
1996); seed size, dormancy and dispersal { Venable and Brown 1988); longevity and dermancy (Rees
1993, 1994}: prowth form and mode of dispersal {Harper ef af. 1970, Hughes ef af. 1994, Leishman
er of, 1993} dispersal. dormancy. perenniality and iwropaniy (Silveriown 1984 and. seedling

success and dispersal (Maorse and Schrnate 19839,

The relations between seed size and mode of dispersal have important implications for pattem since
refated trade-offs between seed size and germination success. and between seed size and dispersal
disrance. may restriet the range of habitars occupied by a particular dispersal made. The finding by
Westoby ef af. {15923 that dispersal mode is rarely constrained by seed size is highly signiticant.
(herefore, since it implies that the habitats in which planis establish will rarely be constrained by the
wiay in which they disperse. This preatly increases the ranpe of solutions (tg ecolopical prublems)
available to plants. Observed trends in the frequency of modes in relation 1o increasing seed mass
{unassisted - wind - adhesion - ant - ballistic - vertebrate) (Hughes ¢ of, 1994) supgest that some
modes of dispersal may confer preater fitness benetits (Wesioby er gl 19953, or be more constrained
phxlogenctically (Harvey and Pagel 1991, Harvey et ol 1993). than others for a given seed mass and
hahitat, These trends suggest that pattern may artse within and between habitats in the proportion
of species dispersed by a given mode. Tifferences in dispersal spectra derived from published Roras
{Willsonef of. 1990, Jurado ef ¢d. 1991, Westoby et af. 1992, Leishman ef e, 1993), and from original
studies {Dansereau and Lems (937, Frenkeil 1970, Pojar 1974, Luftensteiner 1979, Ellner and

Schmida 1981, Hoehne 1981, Westoby ef e, 1990). are consistent with this expectation.

The relations between dispersal and germination biology have been studied rarely. That such
relations geeur are not in questian since plants in which dispersal attributes fail to harmonize with
germination requitements ¢annol replace themselves (cansider, for example, the apid loss of
dispersal capacity among species of open inland habitats germinating on ocean beaches reported by
Cady and Overton {996}, One may also conclude from first principles that the direction in which
natural selection typicallv acts is from germination biology to dispersal attributes. since it is

primarily the alleles({ for dispersal} that ate compatibie with germination requirements that are passed
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along in 4 colonization event. To date. the impact of germination biclogy on dispersal attributes has
heen examined in relation ic three phenomena: seed dormancy, seed heteromorphism. and.

polymorphism in germination requirements.

The impact of gerrnination biolopgy on dispersal processes is most clearly resolved in the case of
spatial dispersal and sesd dormancy {treated in this study as dispersal in ime. atter Willson or
al 1990, but arguably. and perhaps more appropriately. classified as a germination strategy, atter
Baskin and Baskin 1998). Modeling by several researchers reveals that the capacity for dommaney
should rarely evolve in species with efficient spatial dispersal since dispersal reduces the likelihood
that all seeds will be exposad to unfavorable conditions (o any one vear (e.g. Venable and Lawlor
1980, Cohen and Levinl987, Venable and Brown 1988). Similarly, dormancy is not expecied 1o
evolve in species with large seeds. since the attendant store of provisions signiticantly improves the
chance that a seedling may establish under a closed canopy or other unfavorable conditions ( Venable
and Brown 1988, Rees 1996, Saverimutto and Westoby 1996). Dormancy may select for higher
dispersal. however, when the probabitity is high that diaspores will find a suitable patch. and. when
the amplitude of environmental vartation is large {Cohen and Levin 1987, 19917, High dormancy
and high dispersal. therefore. are most likely to arise in disturbed habitats in species that have small.
wind-dispersed, seeds. The impact of germination bielegy on dispersal for species with perennia
life histories has not been modeled, but is not expected to ditfer with respect to the trends reported

here {Venable and Brown 1993).

The impact of germination biglogy on dispersal aurtbutes has been examnined more thoroughhy in
species with dimorphic (heteromorphic) seeds than in other fuactional proups { Harper 1963, 1977:
Sorensen 1978; Flint and Palmblad 1978; Venable and Lawlor 1980; Baker and O'Dowd 1982;
Olivien and Berger 1985, Venable 1985; Venable and Levin 1985, Venahle ef ol 1993, and
references therein), Seed heteromorphism is the production of seeds ot different morphologies or
behaviors by single individuals (Venable 1985}, [t is more common in annuals. planis of arid and
semi-arid regions, and weeds, but it 15 oot restrivied o these plants {Venable er «f 1995}

Heteromorphic seeds often display a pelymerphism for both germination and dispersal ( Harper 1963,
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Silvertown 1984) thereby enabling individual plants to "hedge their bets™ with respect to the timing

and general location of germination events [Sorensen 1978, Seger and Brockmann 1983).

In general. the seed morph that has the more precise germination requirement, and the capacity for
dormaney. remains inthe immediate vicinity of the parent plant whereas the morph that can establish
under a wider range of conditions. and lacks dormancy. disperses beyond the local patch [ Venable
and Lawlor [980. Olivieri and Berger 1985). The former combination provides same measure of
reproductive assurance (Fanneliand Barrett 1998). as well as. a mechanism for reducing competition
with siblings {Olivieri and Berger 1983) and non-related species. The fatter combination. on the
other hand. enables seeds to reach a wider range of habitats and 10 germinate rapidly in sestings that
provide suitable conditions for establishment. In the summer annual, Helerosperma pinnatum
{ Asteraceae), the relarions between germination attributes and dispersal reach have been shown ta
be heritable and correlated with difterences in habitat { Venable ef ¢/ 1993}, [0 keeping with recent
theory (Venable and Brown 1993). achenes that germinated rapidiy and were capable of longet-
distance dispersal were seiected against at sites where early germination was hazardous. in those
environments, flower heads contained a significantly lower proportion of rapidly germinating

achenes than flowering heads in habitats where the risk of germination was less hazardous.

The degree to which monomorphic seeds possess germination polymorphisms has been examined
rarely. According to Harper (19773 and Silvertown [ 1984). cryptic seed heteromorphism {variable
seed behavior thar is not accompanied by dramatic motphological differentiation) may be a
widespread phenomenen affecting many plant specics | Venable 1985). [n a study of seedling
performance and dispersal capacity in the common mitkweed. Asclepias syriaca. Morse and Schmiu
{1985) found that permination and scedling success were positively correfated with seed size and
negatively correlated with dispersal reach. These results were interpreted as evidence of a conflict
between seedling performance and dispersal capacity since the seeds that were most capable of
reaching distant sites were the seeds least capable of establishement and grawth. This conclusion may
not reveal the true fiiness of seeds dispersed over longer distances. however. since Asclepias svriaca

has the capacity to form persistent seed banks (sersu Thompson ¢ al. 1997, Burnside e af. 1996),
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Given that approximately 30% ofthe seeds in this study tailed 1o germirate. and that the seeds which
failed to perminate were significantly lighter than those which did. it is possible that the stoaller and
more vagile diaspores of this species have the capacity tor prolonged dormancy. [t tree then the
case for contlict between seedling performance and dispersal has not been demonstrated. However,

if' the smaller seeds in Asclepias svriaca were o possess more capacity for dormancy than larger

seeds, then a germigation polymoerphism may be present in the monomorphic seeds of this weedy

perannial.

The larger issue raized by the Morse and Schimnitt study rermains unresalved, however, and points o
a fithess fmitation that is inherent in the dispersal curve ot al) species and that may account for the
small fraction of diaspores that leave the immediate vicinity of most parents. Although the variety
of mechanisms by which germination polymaorphism may anise (Silvertown 1984). and the vanious
forms and degrees of dormancy that have evolved (Baskin and Baskin 1998). may cach reduce the
sk of regeneration failure in vagile diaspores, it would appear that these mechanisms have not been
sufficient 1o modity the seed shadow of most specics (Portnoy and Willson 1993), They may.
however. permil a larger fraction of diaspores to disperse over longer distanees and to colomize

suitable habitat in patchy and disturbed eavironments.

From the preceding discussion. additional conclusions regarding the contribution of dispersal o
pattern in established vegetation may be drawn: i) the habitat in which a specics rerminates should
rarely be constrained by its mode of dispersal. although a given mode may be more frequent in some
habitats than others; i} reproductive suecess in plants requires some measure of harmonization
between dispersal attributes and germination biology: iii) the fraction of seeds that disperses bevond
the immediate vicinity of the parent plani may depend more on the germination biology of the
species than on the mechanical constraints imposed by the mode of dispersal; iv) dispersal attributes

are heritable and subizct 1o natural selection.

Study Objectives and General Approach: The comribution of dispersal to spatial structure and

species diversity in the forest understory has rarely been examined. The objectives of this chapier.



therefore. are to further this understanding by: i} identitving patterns of association between modes
of dispersal and plant traits that may independently contribute to pattern in the distribution of
species: and, ii) identifying patierns in the distribution of modes of dispersal within the Forest

understory and in relation to gradients in limiting resources,

The basic approach was 1o characterize the sampled flom in refation to the traits of interest and then
to search for pattern in the established vegetation. The dispersal attributes of 413 vascular plants
from 24 torest stands were classified in relation to the agent of dispersal and then examined tor
pattemn in relation to plant traits {life torm. life history. provenance. {roit type. 1axenomic rank.
environmental states (environmental gradienis. mictohabitats. habitat affinity, moisture atfinity,
shade tolerance). plant abundanece (frequency class, richness class, cover class). and landscape
properties {patch size and patch isolation). Particular atiention was given 10 the herbaceous ora
since it represented the full range of dispersal modes recorded in these forests. Pattern was assessed
with reference to descriptive statistics. non-parametric statistics. detrended correspondence anal ysis

(DCA). and canonical correspondence analvsis (CCA)L

This thesis represents the first ume that the dispersai spectrum has been characterized in reladon to

microhabitats within the forest understory.

The contribution of dispersal to differences in species richness in sampled forest stands {5 analyzed

in Chapter 4.
32 Methods

3.2.1 Classifieation of Dispersal Modcs

3.2.1.1. Overview

Mode of dispersal was inferred from the morphology or known properties of the diaspore. Species
were assigned to one or more of the following syndremes based on the known or presumed funetion

af the facilitating feature: dispersal by animals {zoochory), dispersal by wind (anemaochory).
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dispersal by mechamical expulsion (ballochory). dispersal by prolonged dormancy in the soil
ichronochory). dispersal by vegetative expansion (autochory). dispersal by unaessisted means
{atelechory) and. dispersal by more than one mode [(polychory). Animal dispersal was further
classified in relation to the proximate mechanism. in view of differences in habitar preterences and
foraging pattemns of the animal vectors: dispersal by ingestion {endozoochory). dispersal by adhesion
{epizoochory). and. dispersal by active convevance ar handling (synzoochorv). Dispersal by animal
conveyance was further classified for similar reasons: dispersal by seed caching. and. dispersal by

ants {myrmecachary).

Dormancy is considersd to be a dispersal character, in this study. in recognition of the contribution
of persistent seed pools to cammunity structure and species richness {Venable and Brown 1988,
1993: Kalisz er aif. 19973, Other plant traits that conwribute ta dispersal in time. such as iteroparity.
perenniality, and persistent life history stages. are considered alternatives to dispersal since they do
not attect the morphology or physical attributes of the diaspore. Serotiny. if present, would have
been a dispersal character since it affects the release of the diaspore. Despite their short dispersal
reach. rhizomes, stolons. and runners are treated as dispersal characiers since they satisty the

detinition of dispersal when they result in the establishment of a detached. independently rooted.

ramet.

The purpose of the elassification is descriptive: to identty the agents, structures and attributes that
facilitate the dispersal of recorded taxa. [t is concerngd soiely with the capacity ot the agent to
transport a spore or seed unharmed. and is silent with respect to the capacity of the agent to deliver
the propagule to a "safe site” (dispersai effiviency). and. to the propertion of seedlings in a
population that may be astributed o a particular vector (dispersal effectiveness) (Harper 1977, Reid
1989, Bustamente ef @l 1992, Schupp 1993).

The classification is alzo silent with respect to the status of facilitating structures and properties as
adaptations for dispersal. Depending on the definition used. these teatures may be adaptations for

dispersal or not {Reeve and Sherman1993). [ the detinition requires that the teature be built by

124



naturzl selection for its current role {e.g. Gould and Virba 1982). then most features would not be
adaptations for dispersal since their ariginal function may have been o protect the developing ovule
{Stabbins 1974) or to serve some other purpose, [f the definition oniy requires that the feature or
property results in higher fitness than allernative variants in the same environment (Reeve and
Sherman 1993}, then many features in this study would be considersd adaptive in some habitats but
not, perhaps. in all. In keeping with the requirements of many definitions of adaptation. dispersal
characiers have been shown to contribute to plant fitness. to be heritable. and 1o be subject to nataral

selection (2.2 Cody and Owverton 1996, Venable er af. [993),

The merpholopy and dispersal properties of diaspores were evaluated in the Aeid and with reference
to the published literature and the Montgomery Seed Collestion. Royal Ontado Museum. Taronto,
Oniario. Fruit terminelogy follows Gleason and Cronquist (19913, The classification of recorded
taxa is presented In Appendix 2: a listing of species codes and carresponding sclentific names is

presented in Appendix 3.

3.2.1.2 Classification Criteria and Related Considerations

Dispersal by Animals {(Zoochory): Dispersal bv animals may be achieved by mgestion
{endozoochary}, adhesion (epizoochory) or active conveyanee (synzoochory) (Sernander 190[, as
cited in Fahn and Werker 1972). Faciliiating properties and considerarions are discussed below. The
principal frugivores and myrmecochores in Eastern North Amertea are presented in Appendices 12

and 13, respectively.

Animal Ingestion (Endozoochory): Dispersal by ingestion s achieved when the fleshy pulp ofan
aril or fruit is ¢aten by an animal and the seeds are regurgiiated or excreted unharmed (Ridley 1930,
van der Pyjl 1982, Willson er af. 1990). Species were so classified ifthe seed posscssed a fleshy aril;
or, if the frutt was a berry, drupe, drupelet. pome: ot if an achene was embedded in a fleshy
receptacle or enclosed by 2 fleshy hypanthium. Fleshy frults thar possessed an elaiosome were

classified as ant dispersed. Trillium erectrum and Streptopus roseus were classified as ant dispersed

but may be polychorous based on the analysis of Tallium by Berg (1938). as cited in Stebbins 1974,
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and. on the classification of Streptopus by Willson 1986.

The criterion for dispersal by ingestion excludes seeds and fruits ealen by granivores since the hard
seed coat, which is the facilitating property. cannot be discerned visually. and. since published Lests
ot viability were not sufficient 1o classify the taxa in this study {e.g. McAtee 1947, Krefting and Roe
1949, Flaming and Proctor 1968). Non-tleshy diasporzs consumed by animals were theraefore
classified as dispersed by "unassisted" means. While dispersal by granivores is generally discounted
(Willson i986). some fraction of consumed seeds invariably survives passage through the beak.
gizzard. or stemach of the bird. mammal or insect. and contributes to the long-distance dispersal ot
species that lack fleshy diaspares (Krefting and Roe 1949, van der Pijl 1982, Morton and Hogg
1989, Stiles 1989, Schupp 1993). The surviving tfraction varies with both the diaspore and the
consuming agent. Collinge (1913) reports the germinaiion of 281 species of herbaceous plants from
142 droppings of the house sparrew. bull finch and green tinch. whereas Rossler [ 1936). it contrast.
reparts that aniy 7 ot 40,000 seeds of various herbaceous plants germinated in the scar of Califmia

linnets.

The criterion tor dispersal by ingestion also excludes nuts swallowed and regurgitated by jayvs and
other seed caching animals. While satisiving the operational requirement that seeds be regurgitated
or excreted unharmed. the swallowing of nuts for the purpose of later retrieval and consumption
{Dartey-Hill and fohnson 1981. Johnson and Adkisson 1983} implies intentionality that is lackine
in dispersal by frugiveres. Nut fruits were therctore classified as being dispersed by active

conveyance or handling.

Fleshy truits in the forests of Eastern North America are consumed by birds, mammals, and at least
one replile. the Eastem Box Turtle (Martint er af. 1931).  Most fleshy fruits in these forests are
consumed by both birds and mammals based on data summarized tn Martin er af. (1931}, In that
study, 46 of 43 genera of Heshy-fruited plants east of the Mississippi River were consumed by each
animal class. Overlaps with birds and mammals have also been reperted for genera consumed by

the Eastern Box Turnile (Hamilon 1941, Wilson 1986, Rust and Roth 1981). Further differentiation
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among Heshy truits arising from differences in foraging and processing within and ameny animal
classes was npt pursued. therefore, in view of the lack of capacity (o discriminate among animal

agents (based on the presence or absence of selected truit characters).

Animal Adhesion (Epizoochory): Dispersal by animal adhesion is achieved when a diaspore
becomes passively attached o the fur or teathers of an animal by means ot harbed. hooked or
scabrous awn. bristle, hair or spine. and the seed is subsequently removed or released unharmed
(Sorensen 1986). The facilitating structure in this study may be present on the fruit ((ypically).

hypanthium {Agrimonia). involucral bract (Arctium. Cirsium). lemma {Poaceaej. stem or leat

{Galium, [eersia).

The criterion for dispersal by adhesion excludes fruits that become sticky when welt (viscid fruits)
since this character 15 nol readily observed and is rarely reported in technical manuals., Species that

may be dispersed by mucilaginous szeds in this study are Plantaso major and Prunella vulvars

{Ridley 1930, p.549). Kerner (1893, p.B6D) reports that the fruits of Solanum are sticky when over-

ripe and adhere to the hair and bristles of animals,

The criterion for dispersal by adhesion also excludes diaspores that may be dispersed in mud
adherng to the feet of birds or mammals (Ridley 19304 since facilitating structures are not required
tor this mode of dispersal. Species that are most likely 10 be dispersed by this mechanism are small-

seeded plants of wet and wel-mesic habitats.

The adhesive status of diaspores with awns. bristles. hairs or spines that lack barbs. hooks or
scabrous properties was selectvely tested with s from the Montgomery Collection. Roval
Ontario Museum. Toronto. Although diaspores lacking these structures were excluded by Sorensen
{ 1986). their adhesive properties may be sufficient to facilitate short-distance dispersal. particularly
when wet (Morton and Hogg 1989. personal observation). Diaspores that adhered to an inclined
cotton shirt when dropped from an upraised hand were deemed to be "adhesive” and were included

in the classification {cited as "Montgomery Collection Test” in Appendix 2,



Active Handling or Animal Conveyance (Synzoochory): Dispersal by ammal conveyance is
achicved when the diaspore is intentionally transported by an animal for some purpose and the seeds
are regurgitated or discarded unharmed (Fahn and Werker 1972, van der Pijl 1982). When the
diaspore is transported for the purpose of storing food. but 15 forgotten or not eaten, the dispersal
syndrome is "seed caching” {Smith and Reichman 1984}, "larder hoarding”. or "scatter hoarding”
(Stapanian and Smith 1978). When the diaspore bears an elaiosome (an ocutgrowth of a seed or fruit
in which lipids are stored) that is eaten by ants. or by vespid wasps, and the seed is discarded
unharmed. the syndrome is "myrmecochory” {Semander 1906) and “"vespichory” (Jules 1996).
respectively, In this study. the elaiosome may be attached to the seed (typically). schizocarp
{(zalium). base of the style {Carduns, Cirsium). or. comprise the basal portion of the perigynium
{Carex) (Sernander 1306). In this stady. the acknowledged fruit type dispersed by seed caching is
the nut, although ather fruit tvpes may be so dispersed.

The critenon for dispersal by animal convevance leaves open the purpose tor which the diaspore s
conveyed. Diaspores passively conveyed on plunt parts that are intentionally transported for nesting
material {Ridley 1930. Morton and Hogg 1989) is not considered to be synzoochory in this study

since the propenty of interest does not relate to the diaspore.

The traditional test for myrmecochory has been behavioral: transport by ams and disposal of the
seed wiharmed (Semander 1906, Berg 1975, Hughes and Westoby 1992b). Chemical assays and
morphelopical assessmenis are not sufficient owing to uncertainty regarding the nature of the
atractant (Bresinsky 1963, Marshall ef af. 1979, Howard er of. 1981, Gordon 1983, Skidmore and
Heithaus 1988, Brew of of. 1989) and the starus of arils. caruneles and strophioles as agents of
myrmecechory (Fahn and Werker 1972, Roth 1977. Beaitie 1983). Therefore, only speciesthat have
been tested and been shown to be dispersed by ants have been classified as myrmecochores. This
requirement was waived for Carex pepsvlvanica, based on an analvsis of lipid content conducted for
this study by Dr. M. Kahn, Department of Batany, University of Toronto, and. for Clavtonia

caroliniana, Dicentra canadensis, Polvgala paucitiora. Vioia labradorica. Viola sp.. based on the

known status of conspecifics and the presence of prominent "elaiosomes”. Additional genera not
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classified as myrmecochores in this study. but reported o be ant-dispersed in Europe, are

Ranunculus (Roth 1977), Juncus {Bresinsky 1963). Allium, Convovulus, Festuca, Geranium.

[mpatiens, [ds, Polyeala, Polygonum. Potentilla.. Silene, Stellaria. Trientalis. and Waldsteinia
{ Sermander 1906).

Dispersal by Wind (Anemachory): Dispersal by wind is achigved when the mte of descent of the
diaspore 1s slowed by an serodynamic shape or by vine of its small size and light weight (Ridley
19530, Fahn and Werker 1972, van der Pijl 1982, Burrows 1986). Structures that facilitate wind
dispersal in this study are wings, accrescent tepals. an inflated perigynium. a detachable panicle. a

coma of fine hairs. or. a pappus of plumose. capillary or barbellate bristles.

The enterion for wind dispersal makes provision for small. light diaspores that otherwise lack a
facilitating morphology. This approach departs from Willson ef af (1990}, who excluded such
diaspores because of the problem in defining an appropriate threshold size, This argument has been
arcepted tor seeds but not tor spores. The former have been classitied as "unassisted”. whereas the
latter have heen classified as "wind dispersed”. Orchid seeds. while dusi-like 1n character {and thus
classitfied as "unessisted” by Willson ef af. 19904 have o flattened wing-like region surrounding the
germ (Summerhayes 1951, Montgomery 1977, persanal observation), or an inflated and air-filled
seed coat (Rasmussen 1951, Arditti 1992). that contributes to their capacity to remain aloft for fong

periods. and thus arg classified as wind dispersed in this study.

Wind-push contributes to the shornt-distance dispersal of many fruits through the carapult effect of
swaying stems or direct pressure on a flattened profite. [n kaeping with the conservative approach
adepted in this study. most of these species have been classified as dispersed by "unassisted” means
since thev lack a distinctive facilitating morphology. Sefected species that have been classified as
"wind ballists” (van der Pijl 1982) are deseribed in the section entitled "Dispersal by Mechanical

Expulsion (Ballochory)®.

"Aerodynamic” structures. such as plumose hairs. wings. accrescent tepals, and inflated perigynia.
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may enhance the buovancy of diaspores on water as wefl. This dimension has not been classified
owing to the lack of flowing water in surveyed stands. Classified species that may be water
dispersed in other settings include; Boehmena cvlindrica. Carex intumescens. Carex retrorsa. Rumex

orbiculatus, Salix spp., and Typha Jatifolia.

IHsperzal by Prolonged Dormancy (Chranachory): Dispersal by prolonged dommancy 15 actueved
when a seed regenerates trom a long-term persistent seed bank { Thampson or all 1997), Species were
classified as chronochores if their seeds have been reported to persist in the soil for at lease five

years. and, (f the methodolopy for determining perststence satisfied the criteria of Thompson ef af.

(1967) for a Tvpe 3 seed bank.

The threshold for defining long-term persisience was established prasmatically since (Tve vears
represented the termination point for a significant proportion of burial expenments | Thompson ef
el 1997, The ecolopical significance of this thresheld is that it differentiates seeds with limited
capacity 10 persist in the soil from those with preater capacity, Seeds that can persist ar least five
years in the soil often remain viabie for much longer (Thompson er «f. 1997} and thus represent an

important source of propagules for the colonization of disturbed sites.

The term "chronochory” {(khrones = time + chorein = 10 wander) originates with this study.

Dispersal by Mechanical Expulsion {(Ballochory): Dispersal by mechanical expulsion is achieved
when the seed is forcefully expelled from the plant by explosive dehiscence (Ridley 1930, Fahn and
Werker 1972, Beer and Swain 1977, Stamp and [ucas 1983), a splash-cup or springboard
mechanisim activated by falling water droplets {Brodie 1931, 1953: Savile 1933, 1979: Savile and

Hayhoe 19770 or. by a swaying stem activated by wind-push (Ridley 1930, van der Pijl 1982).

The criterion for mechanical expulsion by a swaying stem has been applied conservatively since the
dispersal of most plants 15 enhanced by this mechanism. Only plants that are known for catapuiting

their seeds. or that possessed a specialized morphology (e.2. a censer mechanism. or an inflated



hypanthium) for conirotling or enhancing the release ot seeds from swaying capsule or follicle. were

recognized as anemoballists in this study.

Dispersal by Vepetative Expansion (Autochory): Dispersal by vegetative expansion is achizved
when a derachable propagule, or, a disiniegrating rhizome. stolon or runner. gives rise to a detached.
independently rooted, ramet {Bell 1991). Detachabic propagules in this study are bulbils (Cicuta

bulbifera, Cvstopteris bulbifera), twips and branchlets {Salix spp. ).

Dispersal by vegetative expansion has been excluded us 2 dimenston of polvchory to facilitate

comparisons between sexual and asexual modes of Jispersal.

Dispersal by Unassisted Means {Atelechory): Dispersal by unassisted means is achieved by
diaspores that lack an apparen feature or property w faciliiate their movement through space or time.
These species are presumably dispersed by animal ingestion sinee each has a sizahle geographic

range in Eastern North America (Gleason and Cronguist 1991).

Dispersal by Multiple Agents (Polychory}: Dispersal by multiple agents is achieved when the
diaspaore is dispersed by two or more of the following modes: zoochory. anemochory. chronochory,
or ballachery. Dispersal by vegetative expansion has been excluded as a dimension of polychory

to facilitate comparison between sexual and asexual modes of dispersal.
The results of this classification are presented in Appendix 2.

3.2.2 Classification of Other Plant Traits

Additional plant traits evaluated in this study were life form (tree, shrub. vine, fern, fem ally, grass.
herb). lite history (anrual. biennial. perennial}. provenance {native, alien), and fnut type {achene.
berry. caryopsis, capsule. drupe. follicle. legume. nut. nutier, pome. samarz. schizocarp. and silique).
The spores of inventaried fems and fern allies. and the arillate and winged seeds of inventoried

gvimnosperms, were classified as " fruit” for ease of use. The authority for provenance was Morton
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and Yenn {1990): the authoricy for life form. life history and fruit type was Gleason and Cronquist

(1991). A summary of plant traits by species is presented in Appendix 2.

123 [Identification of Pattern

[n thiz study. a relationship between {among) variables was deemed (o constitute 2 "pattern” when
the relationship was significant statistically. or. when the variables of interest were agprewaced in

ordination space. Protogols and assumptions for testing patterns of association are described below,

1.2.3.1 Pattern in Relation to Plant Attributes

The retationship between modes of dispersal and other plant trairs was examined with respect to Life
torm. life history. provenance, modality, fruit 1vpe, and taxonomic rank. These traits are known., ur
have the potential. t vary with environmental conditions for independent reasons and thus may
confound tnterpretations of the role of dispersal in structuring the composition and abundance of
plant assemblages. Published data were notr sufficient 1o charactenize the permination trans of

sampled species.

The relatianship between modes of dispersal and examined traits was summarized by descriptive
statisties and tested by chi-square tests ol homopeneity by row or cell. [n keeping with the
subseguent focus on understory herbs, only the results for the herb life lurm are reported. The

expected value for each test was the proportion of herbs in the sampled flora with the trait ofintersst.

The defining equation was the following:

Expecied valuge = (the number of herbs dispersed by mode in sampled patches+
the total number of herbs in the data set) X (the number of
herbs with the trait of interest ).
Thetotal number ot herbs in sampled patches was 232 however, the total number of herbs ina given
test varied. since taxa were not always classifiable in relation to the trait of interest. Given the large
nurnber of tests in each analysis. the status of tests after Bonterroni correction for the number of tests

was reparted.



The analyses wete performed in IMP, Versian 3.2.2, SAS Institiie. The results of this analysis are

reported in Tables 3.1 to 3.8.

3.2.3.2 Paitern in Relation to Environmental Variables

The tendency for the dispersal modes of herbs to be associated with particular envitanmental states
was ¢xamined in relation fo habitat affinity. moisture affinity. shade tolerance. cnvironmental

gradients. and microhabitats (see Chapter 2 for detinitions and descriptions of varizbles),

The relationship between modes of dispersal and the habitat affinities of herbs was tested by chi-
square tes1s of homogeneity, hy row and cell. Chi-sguare tests of independence were not appropriate
tor this analysis since setected herbs were dispersed by more than one mode and thus were recorded

in mare than one dispersal category.

The relationship between modes of dispersal and selected environmental gradients was Lested by
Wilcoxon rank sum tesis with independent samples. The response variable in each test was the
proportion of taxa in {0 m x {0 m quadrats that were herbs dispersed by 2 given mode. Analyvsis of
variance was not appropriate for this analysis since the response variable was based on count data
and rarely satisfied the normality and equal variance assumptions of ANOVA. Only (he major

gradients (see Chapter 2) were ineluded in this anpalyvsis.

teported in Tables 3.9 to 3,12,

Patierns of association were also examined in the ordination space of detrended correspondence
analysis (DCA} in order that trends may be assessed in refation to compositional similarities among
quadrats and to environmental affinities among species. DCA was preferred 1o CC A for this analysis,
since the dispersion of quadrats in DCA is governed by species relations with the underlving
envirgnment rather than with the restricted set of variables chosen for study. Padern analvsis was

conducted by visual inspection. In order to reveal the main trends in the data, only the quadrats in
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which the mode was prominent were labeled {i.e. quadrats in which ihe proportiun of taxa dispersed

by the labeled mode was zthe 75% quantile of proportions for that mode in the study area).

The distuibution of dispersal modes in rclation to environmemntal variables was evaluated with
reference to canonical correspondence analysis {CCA). Here the pattern of interest was the degree
to which modes of dispersal were associated with the set of environmental variables examined in
Chapter 2. For this analysis, the species codes of species were replaced by modes of dispersal which
then Rinctioned as "pseudo-species” in the ardination. The abundance values for each mode were

the proportions of taxa dispersed by the mode in cach 10m x 10m quadrat in which it occurred.

The DC A and CCA ordinations were performed in CANOQCO. Version 3.12: the ordination diagrams
were produced in 3-Plus, Version 4.3, and re-formatted for presentation purposes in Micrasoit

Fublishet 98. The results of this analysis are presented in Figures 3.1 1o 5.6,

The elationship between modes ol dispersal and environmental states was re-examined at the
microhabitat seale since environmental conditions within quadrats were rarely uniform. Pattern was
investigated in relation to three analytical contexts: i) difference in the number of herbs recerded in
cach microhabitat; i) difference in the propottion of hetbs in contrasting microhabitais. paired

samples; i) difference in the proportion of herbs in contrasting microhabitats, independent samples.

Context (i) clarified the degree to which differences in the proportion o herbs in contrasting habiats
were due 10 the number of herbs dispersed by the mode of interest: context (ii) clanified the degree
to which differences in the proportion of herbs in contrasting habitats was due to Factors other than
dispersal: context (iii) revealed the degree to which the frequency of modes changed under
contrasting habitar conditions but did not clarify the role of dispersal since the degree of dispersal

fimitation in sampled quadrats was not known.

The relationship between dispersal mode and microhabitat in context (1) was tested by chi-square

tests of homogeneity by column, row, and cell. The relationship in context (i) was tested by
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Wilcoxon signed-ranks tests. using paired samples from each quadrat in which the contrasting
habitats were present. The number of habilat contrasts that could be assessed by this method was
constrained by the minimum sample size associated with this test (& paired comparisons. all of like
sign, are required for the test to be sipnificant at the 3% level; Sokal and Rehlt 1995, p.d44}). The
relationship in context (1ii) was tested by Wilcoxon rank sum tests. using independent samples.

Quadrats in which the mode was present in each habitat were excluded from the analvsis,

Analyses were performed in IMP. Version 3.2.2., SAS [pstitute. In¢. Fhe results of this analysis are

reported 1n Tahles 313 10 3,15,

3.2.3.3 Pattern in Relation te Abundance Variables

The relationship between mode of dispersal and plant abundance was examined in relation to species

frequency. plank cover. and species richness.

The relationship between mode of dispersal and spacies frequency was tested by chi-sguare tests of
homogeneity by rew and cell. Three frequency classes were established for the analvsis: "high"
{215 quadrais), "intermediale” {3-24 quadrats), and "low" { =2 quadrats). The thresholds for the
“high” and “low™ classes were taken. arbitrarily. to be the 73% and 25% quantiles of species

frequency. respectively.

The relationship between mede of dispersal and plant cover was tested by chi-square tests of
homogeneity by column («f 8). row (¢f 6), and cell («ff 1. Eight cover classes were established tor
the snalysis: trace (1-3 individuals of small clumpsy. <%, 1-3%, 5-13%, 15-253%, 25-50%. 30-73%.
and 75-100%. These thresholds conform 1o the Daubenmire cover scale when cover is greater than
3% and. with minar exceptions, to the Domin-Krajina cover scale when cover s below 25%

{Mueller-Dombois and Ellenberg 1974).

The relationship between mode of dispersal and species nchness was tested by Wilcoxon rank sum

tests. by row. Three classes of species richness (number of species) were cstablished for the



analysis: "high" (236 taxa per quadrar), "intermediate” (29-33 taxa per quadrat), and "low" (« 2§
taxa per quadrat). The thresholds for the "high" and "low" classes were taken, arbiiranly. to be the

73% and 25% quantiles of species richness, respectively.

Analyses were performed in JMP, Version 3.2.2., SAY [nstinute. Inc. The resulis are reported in
Tables 316 to 3.18.

3.2.3.4 Pattern in Relation to Spatial Scale

The relationship between mode of dispersal and spatial scale was examined in relation to patch size

and patch isclation.

In each case. the relationship was tested by Wilcoxon rank sum tests. by row. Three patch size
classes were established for the analysis: "high” (: [22 ha). "intermediate” (43-121 ha). and "small"
(=42 ha). Three patch tsolation classes were established for the analvsis: "high” (mean distance 1o
the nearest 8 woodlets, ind5" sectors, 477 metres). “intermediate” (tnean distance 233476 metres).
"low" {mean distance < 232 metres). The threshalds tor the "high" and "low" classes were taken,

arbitrarily. to be the 75% and 25% quantiles of patwh size. and patch isolation, respectively,

Tables 3.19 and 3.20.

33 Resunlts

Analyses tor pattern in the tendency for modes of dispersal to be associated with particular states
will be reported in relation to the foilowing tunctienal groupings: plant antributes. environmental

variables. abundance variables and spatial scale.

331 Patternio Relation to Plant Attributes

The tendency for dispersal modes to be associated with particular plant attributes are summanzed
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0 relation to Tife form. life history. provenanee. fruit tvpe. and taxonomic rank. Each attribute has
the potential to confound interpretations of the role ol dispersal in structuring the composition and

abundance of herb assembiages on the forest fioor.

3.3.1.1 Life Form

The mode of dispersal varied by hife form (Table 3,11 Vost trees. and all ferns and fern aliies. were
dispersed by the wind. whereas most shrubs and vines were dispersed by animal ingestion. Most
grasses werg dispersed by animal adhesion. Herbs were the only lite form to be dispersed by all

modes and were dispersed primarily by vegetative expansion, animal vectors or unassisted means.

All life torms were dispersed by the wind and all but the trees achieved vepetative expansion by
rhizomes or stolons. With the exception of the ferns and fern ailies. all life forms were dispersed by
animals and by prolonged domnancy in the soil. Only the grasses and herbs were dispersed by
adhesion to animals, and only the herbs and one tree (Robinia psendoacacia) were dispersed by
mechanical expulsion. Only the herbs wete dispersed by ants. A minority of shrubs. and a modest
fraction of grasses and herbs, were dispersed by unassisted means, All but the ferns and fem allies

were dispersed by more than one mode.

The dispersai modes of life forms afso changed with the stratum of the forest. Canopy trees were
dispersed primarily by the wind. whereas shrubs and vines were dispersed primarily by animal

ingestion. All modes were present in the herb layer on the forest tloor,

Taxa in these forests were dispersed primarily by antimais (385 %), vegetative expansion (35.8 %),
or the wind {30.5 %). Fewer taxa were dispersed by unassisied means (22.0 %), prolonged dorm-
ancy inthe soil {15.5 %). and mechanicat expulsion (4.6 %), Approximaiely 12 % of surveved taxa

were dispersed by more than made.

These results are not supported by statistical analysis since the sparse data table did not pertmit



Table 3.1, Dhspersal medes of surveyed taxa by life lorm. Legend: Al = animal ingestion, AA = animal adhesion, AC = animal
conveyance, W = wind, PD = prolvnged dormancy 10 the soil, ME = mechanical expulsion, U = unassisted, MM = multimodal,
VE = vegetative expansian. Lintries are the number of 1axa recorded in 192, 10m x 10m quadrats.

Life Form ispersal Mode
Animal
Form Blaxa | A AAT AU Towl W' Pry ME! (] MM VE
e 30 l 0 6 7 22 1 | Q l )]
shrub 55 44 0 ] 45 ¢ i 0 3 3 17
vine g B 0 )] B 1 1 ] H | 2
fierm 23 ] ] )] 0 23 0 ] Qi { 1%
ferm ally 8 4] 0 i} 0 8 0 0 Q 0 4
£Ta58 36 ] 19 {+ 19 2 g 0 10 7 13
herb 252 17 34 13 30 o 30 | B 78 3y .4
Total 413 i 33 H 139 126 o 19 91 51 1348
0% 100 169 | 12.8 9.7 RS .5 15.5 4.6 2240 12.3 158
MNotes;

L. Colunmn vitues for a given dispersal mode include species that are multimoedal.
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chi-square tests of independence ot homogeneity.

The finding that made of dispersal differs among life torms has important implications for analyses
of pattern since correlations with dispersal mode may be confounded with Hfe form. For this reason,

the results of subseguent analyses are either summarized by life form or relate strictly to herbs.

3.2.1.2 Life History

Approximately 90 % of taxa were perennial {Table 3.2). Trees, shrubs. vines. terns and feen allies
were strictly perennial. Annual and biennial grasses and herbs were dispersed by prolonged
dormancy it the soil (43.7 %), wind {37.1 %), adhesion to animals (28.6 %), mechanical expuision
{17.1 %0). unassisted means (14.3 %). and ants (1 1.4 &) None was dispersed by animal inpestion.
seed caching or vegetative expansion. Approximately vone-third of the species dispersed by multiple

modes were annuals or biennials.

The number of herbs dispersed by animal adhesion. wind, prolonged dormancy. mechanical
expulsion. and multiple modes varied with life history (p-20.03. chi-square tests of homogeneity by
row. df 2, not shown; tests for prolonged dormancy. mechanieal expulsion and multiple modes
significant after Bonferroni correction for 8 row tests).  The number of taxa dispersed by prolonged
dormancy. mechanical expulsion and multiple modes was greater than expected for annual herbs.
whereas. the number of 1axa dispersed by animal adhesion. wind. prolonged dormancy. and multiple
modes was pgreater than expected for bienntal herbs | p<0.01. chi-square tests of homogeneity by
celll. Analvses of pattern involving these modes of dispersal were therefore assessed for possible

interactions with life history.

3.3.1.3 Provenance

Approximately 83% of taxa were nanve (Table 3.3 Among [ife forms, only the ferns and femn

allies were strictly native. The percentage of alien taxa among other life torms was highest among



Tabie 3.2, Life History of surveyed taxa by dispersal mode and life form. Annual =
annual 5.5.; Biennial = annual/biennial. biennial s.s.; Perennial= annual/perennial,
biennial/perennial, perenmial s.5.. *-* = not applicable. Superscript': total includes taxa
with unknown life history. Superseript’: includes taxa dispersed by more than one mode.

Dispersal Mode Lifs I-_{i*sror}'

Mode by Life Form Taxa Annual Biennial Perennial
# # A o | # L
ALL TAXA 413" | 13- 3|2 53| 372 90. 1]
Animal s.1. 159" |3 1.9 19 36| 146 91.8
Ingestion 78 0 Do a 170 10G.0
Adhesion 53 3 277 13.2 | 42 79,2
Seed Caching 7 0 [0 017 100.¢
Ant 33 I 303 9.1 )29 379
Wind 126 2 1.a [ 11 871113 39.7
Prolonged Domaney fed 6 94 | 10 156130 78.1
Mechanical Expulsion (8 4 2212 11112 66.7
Unassisted 93 2 2.1 ]3 3.2 | 85 94.5
Multiple Modes 49 5 (1L S 224 | 35 67.3
Vegetative Expansion 143 |0 o]0 0| 148 100.0
TREES 30 - -1- - | 30 100.0
Ingestion ! - - |- -1 100.0
Seed Caching & - -1- -0 100.0
Wind 12 - -1- - 22 100.0
Prolenged Dormancy 1 - - |- -1 100.0
SHRUBS 53 - - |- - 55° 10:0.0
Ingestion 44 |- - - - | 44 130.0
Seed Caching 1 - - |- -1 100.0
Wind 6 - -1 - -6 100.0
Prolonged Darmancy 3* - - |- -13 | (410
Mulupie Modes 3 - - - -13 1G0.0
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Table 3.2. Life history of surveyed taxa by dispersal mede and life history (cont™d).

Dispersal Mode

Life History

Mode by Life Form Annual Biennial Perennal
4 Yo | # Yo kG
VINES 0 0|0 0 106.0
Ingestion 0 ni|o 0 104.0
Wind 0 0|0 0 100.0
Prolonged Darmancy 0 00 0 104.0
Multiple Modes 0 0|0 0 1000
FERNMN / FERN ALLIES - - 100.0
Wind - - - 100.G
JRASSES 28|40 0 g3.9
Adhesion 1 0 100.0
Wind A0 10 0 50.0
Prolonged Dormancy Do a9 100.0
Unassisted D0 039 90.1}
Muliple Mode B0 0|7 100.1
HERBS 1R |2 8.7 | 113 853
{ngestion G0 { 100.0
Adhesion iR |7 20.6 676
Ants a3 9.1 £7.9
Wind 1.4 17.2 81.3
Prolonged Dormancy 6 12.0 | 10.0 20.0 68.0
Mechanical Expulsion: 4 222 11.1 66.7
explosive dehiscence 3 273 9.1 63.6
wind-push 1 20.0 20.0 60.0
splash-cup 0 0 0 100.0
Unassisted 2 2533 3.8 gl.1
Multiple Modes 5 128 | 110 282 59.0
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Table 3.3, Provenance of surveyed taxa by dispersal mode and life form. Elements do

net sum to group totals when taxa dispersed by maore than ene mode.

Dhspersal Maode Provenance

Mode by Life Form Taxa Native Alien Unknown
# L Yo | B o | ® b
ALL TAXA 413 | 349 84.5 | 60 14314 L.O
Animal s.1. 139 | 142 BO3 | 16 10,1 | 1 0.6
[ngestion 70 63 929 |5 FARNL 0
dhesion 33 43 31.1 19 170 | 1 1.9
Seed Caching 7 7 Lo0n | o 0 0
At 33 30 99 | 3 9110 0
Wind 126 107 49 | 19 15110 ¥
Prolonged Dormancy 64 26 436 | 58 58410 0
Mechanical Expuiston 1B 13 7213 T 0 0
Unassisted o1 83 91218 BB |3 0
Multiple Modes 51 28 48|23 45110 0
Vegetative Expansion 148 | 132 g2 16 108 |0 0
TREES 30 29 96.7 | t 0.1}0 0
Ingestion 1 L 100,010 o0 0
Seed Caching & 3] 1000 | 0 010 g
Wind 22 22 100.0 | O 0|0 0
Prolonged Dormancy 1 0 gl 1900 |8 (}
SHRUBS 33 51 92714 730 0
[nEestion 44 40 G0.9 | 4 S0 |0 0
Seed Caching 1 i 100G |0 g0 q]
Wind 6 6 .o |0 a0 0
Prolonged Dormancy 3 2 66.7 1 | 333 |0 0
Multiple Modes 3 2 667 | 1 333 |0 0

142



Table 3.3. Provenance of surveyed taxa by dispersal mode and life history {cont’d).

R Dispersal Mode Life History
Mode by Life Form Taxa Nautive Alien Unknown

# ¥ % | # % | # “a

VINES G L4 5890 |1 11.1 40 i
[ngestion 3 7 2751 123 | ¢ 0
Wind 1 1 g {o |0 4]
Prolonged Dormancy 1 0 011 1000 | O 4
Multiple Maodes 1 0 Q1 1000 |0 0
FERN /FERN ALLIES | 31 31 1LY | O 0|0 0
Wind 31 il 1000 |0 0|0 ]
GRASSES 36 27 1307 19412 5.6
Adheston 19 i7 0.5 |2 105 |0 ¢
Wind 2 2 166,030 0|0 {
Prolonged Dormancy 9 5 5.6 14 44 |0 0
Unassisted 10 7 o3 300 (0 {)
Mulriple Mode 7 5 |2 286 |0 {
HERBS 252 1203 30.6 | 47 18.7 | 2 0.8
Ingestion |7 17 19000 00 {
Adhesion 34 26 65| 7 me |l 2.9
Ants 33 30 9913 a1 |0 0
Wind 64 43 03119 w30 1]
Prolonged Dormancy 50 19 38.0 | 31 620 |0 0
dechanical Expulsion: 18 13 72203 27710 0
explosive dehiscence 11 9 81.8 | 2 1820 &
wind-push 5 2 40.0 | 3 60.0 |0 0
splash-cup 2 2 1000 0 0|0 0
Unassisted 78 0 RI7 15 6.4 |3 3.8
Multiple Modes 39 20 I 18 8.7 |0 0
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the grasses (19.4%) and herbs {18.7%). followed by the vines {11.1%), shrubs {7.3%) and trees
(0.1%).

The number of herbs dispersed by animal ingestion. wind. prolonged dottnancy, multiple modes and
unassisted means varied with provenance {p<0.03. chi-square tesis of homogeneity by row, 471, not
shown; tests for prelonged dormancy and multiple modes significant atter Bonferroni eorrection for
9 tests). Dispersal modes with a higher than expected number of alien taxa were wind (p<0.05}.
prolonged dormancy in the seil (p<0.001), and multiple agents {p<0.001) (chi-square tesis af
horaogeneity by celf). Apalyses of pattemn involving these modes of dispersal were therefore

assessed for possible interactions with species provenance.

3.3.1.4 Modality

Approximately 12% of taxa were dispersed by more than one mede {Table 3.4). Among life forms.
only the terns and fern allies were unimedal. The percentage of multimodal taxa amony other life
forms was highest among the grasses {19.4%} and herbs {15.3%). followed by the vines (11.1%0.

shrubs {3.3%) and trees (3.3%).

The number of herbs dispersed by animal adhesion. wind. prolonged dormancy. and mechanical
expulsion vared with modality (p<0.001. chi-square test of homogeneity by row. Jf I, not shown;
all tests significant after Bonferroni correction tor 7 tests). [n each case, the number of herbs
dispersed by multiple modes was significantly higher than expecied {chi-square tests of homogeneiny
by cell: all tests significant after Bonferroni correction for 14 tests). Analyses of pattern involving

these modes of dispersal were therefore assessed for possible interactions with species modality.

33.1.5 Fruit Type

Among the herbs, the most abundant fruit tvpes were the achene (498 %) and capsule (1.1 %)

{Table 3.5}, Minor fruit types in descending arder of abundanec were the schizocarp, berry. nutfet.
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Table 3 4. Modality of surveyed taxa by dispersal mode and life form. Unimodal =
taxan dispersed by one mode; muitimodal = taxen dispersed by more than one

made.

DCrispersal Mode Madality
Mode by Life Form Taxa LU'nimodal Multimodal

B H %o | # Y

ALL TAXA 413 362 87.6 | 31 12.4
Animal s.L. 160 131 g1 [ 27 16.8
Ingestion 70 66 94314 5.7
Adhesion 33 15 660 |18 34.0
Seed Caching 7 7 1000 | O 0
Ant 33 25 757 (8 242
Wind 126 06 84.1 | 20 15.9
Prolonged Dormancy 64 23 351 | 39 601
Mechanical Expulsion 18 B 44,4 | 10 33.6
Unassisted 91 21 100.0 | 0 {0
Multiple Modes 51 0 0|51 100.0
Yegetative Expansion 148 132 §9.2 | 16 10.8
TREES 30 29 96.7 | 1 3.3
[ngestion [ | 100.0 | 0 0
Seed Caching 6 6 1000 | O 0
Wind 22 a1 1060 | O 0
Prolonged Dormancy 1 | 1000 | O a
SHRUBS 55 32 945 |3 5.5
[ngestion 44 42 955 |2 4.3
Seed Caching 1 1 1000 |0 0
Wind & ) B33 |1 6.7
Prolonged Dormancy 3 Q 03 100.0
dultiple Modes 3 { 013 1000




Table 3.4, Modality of surveved taxa by dispersal mode and life history (cont'd).

Dispersal Miode Modality
Mode by Life Form Taxa ["nimodal Multimodal

# | % | # *a

VINES 9 2 LR 11.1
I[ngeston 8 7 §7.51]1 12.5
Wind ] 1 100.0 | 0 0
Prolonged Dormancy 1 0 011 104.0
Multiple Modes 1 0 011 100.0
FERN / FERN ALLIES 31 31 1000 |0 0
Wind 31 31 1000 |0 {1
{RASSES 36 30 81.6 | 6 16.4
Adhesion 18 13 733116 333
Wind 2 ! 30.0 | | 00
Prolonged Dormaney 9 4 444 |3 356
Unassisted |2 12 100.0 § 0 0
Multiple Mode 6 0 06 0
HERBS 252 213 84.5 | 39 13.3
[ngestion L7 16 94.1 | I 29
Adhesion 34 17 a4.7 | 12 153
Ants 33 25 737 |8 242
Wind GE 46 719118 2RI
Prolonged Dortnancy 30 21 42.0 1 2% 38.0
Mechanical Expulsion: 13 3 4.4 | 10 35.6
expiosive dehiscence 1l 4 64 |7 2.5
wind-push 3 2 400 | 3 60.0
splash-cup 2 2 100,001 0 0

{ nassisted 78 78 1000 |0 0
Multiple Modes 19 {0 0|39 100.0
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capsular fruit. legume, follicle. drupe s.4. and siligue. The number of modes by which 2 given [nuit
twpe was dispersed varied from cnoe to six (excluding multiple modes and vegetative expansion).
No fruil type was dispersed by all modes. Fruit Lypes dispersed by a variety of modes were the
achene (6). capsule (6). schizocarp (3) and capsulac fruit i4), Twio fruit types were dispersed by one

made: drupe 5./, and silique.

Each dispersal mode deploved the seeds of more than one frint type but no mode deploved the seeds
of all ren fruit tvpes. The modes deploving the seeds of the greatest range of fnuit types were
animals 5.4, (8). and prolonged dormancy in the soil {7} The modes deploying the sesds ofthe least

number of fruit types were animal ingestion (3) and wind (4),

The predominant made by which a given fruit type was dispersed varied, Achenes were dispersed
primarily by the wind; berries by animal ingestion: capsules by unassisted means and ants; capsules
by wind and prolonged dormancy: drupes s.{. bv animal ingestian: tollicles and legumes by
profonged darmancy in the soil: nutletsand siliques by unassisted means: and. schizocarps by animal

adhesion.

The data table summarizing the relationship between Iruit type and dispersal mode was too sparse
lo test the overall relationship with standard stanstical tests. However, selective row [ests (nol
shown) revealed that the number of berbs with achene and capsule fruits differed by dispersal mode
{p=<0.001. ¢hi-square tests of homogeneity by row. 4f81. In particular, the number of herbs dispersed
by wind (p<0.001 ) was significantly preater than expected for achene freits: the number of herbs
dispersed by mechanical expulsion (p=<0.001} and by anis (p<0.01) were signiticantly greater than

expected for herbs with capsule fruits (chi-sguare wsts of homoegeneity by cell).

Collectively. these results suggest that fruit type mas have influenced the frequency ot dispersai
modes in these forests. Further analbysis is required. however, since this dala table could not be

tested comprehensively.

148



3.3.1.6 Taxonomic Rank

The distribution dispersal modes by laxonamice rank is presented in Tables 3.6{genus). 3.7 (famiiv).
and 3.8 {order). The most important wend for this thesis is that the number of taxa dispersed by more
than one mode increases with taxonomic rank: species { 12.3 %), genus (25.8 %) family (33.3 %a).
and order {27.4 %), This pattern has consequences tor the number of degrees of freedom associated
with linear regression analyses reporied in Chapter 4. The contribution of phylogeny to species

richness in vegetation samnples will be discussed there,

332 Paitern in Relation to Epvironmental Yariables

The analvsis for pattern in relation to environmental variables was restnicted to the herbs sinee itwas
the one life form that was dispersed by all modes. The results are summarized in relation to habital

affinity. moisture affinity. shade wlerance, environmental gradiems, and microhabuats.

3.3.2.1 Habitat Affinity

The number of herbs dispersed by animal ingestion. ants, wind. prelonged dormancy. wind-ptish
mechanisms. unassisted means. and multiple modes varied with the habitat atTinity of the taxon
{Table 3.9). Herbs dispersed by animal ingestion. ants. and splash-cup mechanisms were over-
represented in taxa with an affinity for forest habitats, whereas. herbs dispersed by wind. prolonged
dormancy. wind-push, and multiple modes were over-represented 1n taxa with an atfinity for open
habitats. The number of herbs dispersed by animal adhesion. explosive mechanisms. and vegetative
expansion did not vary with habitat affinity, The stronzest evidence was found for herbs dispersed
by prolonged dermancy and by multiple modes (chi-square tests of homogeneity by cell. p=<0.001.

Bonterroni correction for 32 cell tests).

The significance of zero values in the data is difficult to assess since absence may be due to
sampling error assaciated with small samples or 1o habitat related factors constraining dispersal.
germination. establishment and/or persistence.  The absence ofherbs dispersed by animal ingestion

and splash-cup mechanisms in taxa with atfinity for open habitats. and by wind-push mechanisms
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Table 3.6. Disttibation of dispersal modes by taxonomic rank [ {genus). Legend: Al=animal
ingastion; Aa=animal adhesion: AC=animal convevance (ants. seed caching): W=wind; PD—prn-
longed dormancy; ME=mechanical expulsion: {[=unassisted: MM=dispersed by =2 modes. Cell
entries are the number of genera dispersed by the given mode(s). Only the lower half of matrix is
shown. "-" denotes combination not observed in vegeration samples. All life torms included in
analysis. N =208 genera.

GENUS Al AL HC_ ‘W_ F'D_ ME u v
n=3% n=3l n=24 n=63 n=39 n=[4 s n=4

Al 32

A - 16

Al ] - 11

W - 2 ] 43

PD 2 9 2 13 L3

ME - - - 7 5

L . . - | 6 1 33

Wil - 4 4 i 5 - 3 B

Notes:

1. Genera dispersed by more than two modes:
Carduus: AC. AA. W.PD
Carex: AC, W, 1!
Cirsium: AA, W, PD
Galium: AA, AC, PO
Melilows: AC.PD. UJ
Poa: AA, PD, 1.
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Table 3.7. Distribution ol dispersal modes by taxonomic rank II (family). Legend: Al=animal
ingestion; AA=animal adhesion; AC=animal conveyance (ants, seed caching): W=wind: PD=pro-
lkmped dormancy: ME=mechanical expulsion: U=unassisted: MM=dispersed by »2 modes. Cell
entries are the number of families dispersed by the given mode(s). Only the lower halt of the matrix
15 shown. "-" denotes combination not observed in vegetation samples. All life forms included 1o
analysis. ™ = 78 familtes.

FAMILY Al AA AC W PD ME [ MM

a=10 | n=1l [ o=14 | w=27 | w=27 | m=n1 =25 | u=13

Al 1

AA - {

AC - ] 3

W . ] . 3

PD 1 ] . 2 1

ME : ] 1 X 3 1

U 1 - ) i 3 I 3

MM 5 g 6 7 14 3 13 L5
Nobes:

i. Families dispersed by more than two modes:
Aplaceae: AA.PD. U
Asteraceas: AA. W, FD. U
Betuiaceae: AC. W.PD
Caprifalizceas: Af, PD, L)
Carvophyllaceae: PD, ME, U
Cucurbitaceac: PO, ME. L
Cwperaceas: AA AC. W. U
Fabaceae: AA, AC, PD, ME, U
Liliageae: Al AC, U
Cnagraceas: AA, W, PC
Poaceas: AA. W, PD. U
Ranunculacese: Al AC. W, P ME. L)
Rosaceae: Al AA, PD. L
Rubizceae: Al AA, AC, PD
Uriicaceae: Aa. W_FD. U
Verhenaceae: AA. PD,LL
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Table 3.8, Distribution of dispersal modes by taxonomic rank [IT {order). Legend: Al=animal
meestion; AA=animal adhesion; AC=animal conveyance {ants, seed caching); W=wind. PD=pro-
lenged dormancy; ME=mechanical expulsion: U=unassisted; MM=dispersed by =2 modes. Cell
entries are the number of orders dispersed by the given mode(s). Only the lower halt of the matrix
shown, "-" denotes combination not observed in vegctation samples.  All life forms included in
analysis. Nomenclamre follows Mabberly 1997. N = 47 orders.

OFRDER Al Al AC W Py ME L. WIM
n=15 n= n=12 h=19 n=23 n= n=20 n=19

Al 5

AA ; .

AC - - 4

W I . -
P - -
ME - - - - I -

-4

12
[

u

[
]

MM 7 Q 3 o 18 2 L& e

Motes:

[. Crders dispersed by more than two modes:
Apiales: AlL AA,PD, L
Acsterales: AA. W.PFD.ME, U
Caryophyllales: AC, PD, ME, L)
Cyperales: AA AC. W, PDL U
Dipsacales: AL, PD, U
Fabales: AA, &C, W_PD ME U
Fagales: AC, W, PD
Gentianales: W. PD. L
Lamiales: AA, PD, U
Liliales: AA, PD. L
Malvales: W, PD. ME
Myrtales: AA W, PO
Rapunculales: Al AC, W, FD. ME, LI
Rosales: Al AA. PD,ME. U
Rubiales: Al, AA, AC, PDL U
Seraphulaniales: W. PD, ME, If
Solanales: Al PD. U]

Urticales: 44, W, PD, U
Violales: AC. PD. ME. U



Table 3.9. Dispersal modes of surveyed herbs by habitar affinity. "Forest”: taxa occur only in
forested or shaded habitats; "Forest-Open": taxa occur primarily in forested habitats but move
into open habitats {including thickets); "Open-Forest": taxa occur primarily in open habitats but
move into forested habitats; "Open”: taxa occur onfy inopen habitats, N =234 herbs. Expected
number of taxa = (# taxa dispersed by mode = 234} x (# taxa in habitat category). Habitat
assignments based on deseriptions in: Voss 1972, 1985, 1996: Cody and Britton 1989: Dore and
MclNeill 1980, Gleason and Cronguist 1991. Dispersal made and ohserved value marked by an
asterisk when differences among habitat classes significant at p<0.05. chi-square tests of
homogeneity by row, 43, and cell. & 1. dispersal tnode and observed value in bold when

differences significant after Bonferroni correction for the total number of tests {13 tests by row:
37 tesis by cell).

Habitar Class

Dispersal Mode # Taxa Forest Fotest-Open | Open-Forest Open

(n=234) (n=33} {n=34} {n=82} {n=-}3}
Obs. Exp. | Obs.  Exp. | Obs.  Exp. | Obs. Exp.
Animak 76 20* 17.5 | 27+ 173 | 11* 2669 [4.0
ingestion* 17 o 1013 3913 60 (D 3.1
adhesion 3l g 73110 72035 109 |8 5.7
amt 31 [3%* 73 | 13" 7.2 | 3* wa |l a7
Wind 62 &* 146 | 6* 14.3 | 28 20722 4
Prodonged Dormancy | 50 0 11.8 [ 4* 11.5 |21 175|258 92
Mechanical Expulsion | 17 3 340 |3 iglé 6.013 7.9
explosive 10 | 243 2313 iz || 1.8
splash-cup 2 2% 0.5 |0 035 |0 0.7 10 0.4
wind-push 5 0 1.2 [0 1.2 1 1.8 | 4* 0.9
Unassisted 69 19 16.2 | 18 13927 24.2 | 3* 12.7
Multimodal 39 3t 9213 3.0 | LE 3.7 20 1.2
Vegetative Expansion | 92 22 216 | 23 21.2 | 37 322410 169
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in taxa with affinity for closed habitats, cannot be nssessed owing to the small number of raxa
involved. The absence of herbs dispersed by dormancy among taxa with torest atfinity may be due
to habitat related factors since their absence is consistent with factors hypothesized o favor the

evolution of seed dormancy {Venable and Brown 1988, 19931,

The dispersal mode of herbs seidom varied with the known moisture aftinity of the taxon ¢ Table
3.10%. Herbs dispersed by animal vectors 5./ were under-represented in taxa with an affinity for
wetland habitats whereas herbs dispersed by unassisted means were over-represented in taxa with
an aftinity for wetland habitats (chi-square wests of homogeneity by ceil, p<(1.03. uncorrected tor
the number of tests). The number of herbs dispersed by other modes did not vary with the motsture

affinity of the taxon.

The dispersal mode of herbs did vary. however. with the known shade tolerance of the taxon ( Table
311} Herbs dispersed by animal ingestion were aver-represented in taxa with high shade tolerpnee.
whereas. herbs dispersed by wind. prolonged dormaney. and multipke modes were strongly gver-
represented in tava with low shadetolerance. and. stronely under-represented in taxa with high shade
tolerance. The number of herbs dispersed by adhesion. ants. mechanicat expulsion. and vegetatuve

expansion did not vary with the shade tolerance of the taxon.

3.3.2.2 Environmental Gradients

Pattern in relation to environmental gradients was investigated by univariate and multivariate
methods. The former revealed the degree to which dispersal modes were associated with particular
gradients and portions of gradients. whereas, the latter revealed affinities among quadrats dominated

by a particular mode of dispersal and among specics with similar environmenial zffinities.

Univariate Analysis

In peneral. the proportion of herbs in a 10m x 10m quadrat dispersed by a given mode vared in

relation to the principal environmental gradients examined in this study {Wilcoxon rank surn tests.
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Tahlz 3.10. Dispersal modes of herbs by moisture affinity. N = 233 herbs. Moisture
affinity classitication based on Oldham ef af. 1993, Expected number of taxa = (# taxa
dispersed by mode + 233) x (# taxa in moisture atinity class). Dispersal mode marked
by an asterisk when differences among habitat ciasses significant at p<0.03. chi-square
tests of homogeneity by row. df 2. observed value marked by an asterisk when
departure from expectation significant at p<0.05. chi-square tests of homogeneity by
cell. gF 1: no test significant after Bonferroni correction fot the tatal number ot tests (13
tests by row: 39 tests by cell).

Moisture A ffinity

Dispersal Mode # Taxa [U“.El[a EI::. In[?:fjgdime T::g;d
n=233] | Obs. Exp. |Obs.  Lxp. |Obs.  Exp.
Animal* 75 48 3313 13.5 ] 14% 241
ingestion 17 12 8514 ENN 33
adhesion 31 19 134 ]3 356|9 1.0
ant 31 20 134 |6 5613 LG.0
Wind 64 EK} 28017 08 | 20 143
Prolonged Dormancy 19 27 244 |12 88 |10 13.8
Mechanical Expulsion I8 g 90 |3 32 |4 38
explosive 11 & 3301 20|43 i3
splash-cup 2 1 1.0 | 1 04 |0 0.6
wind-push 3 4 2301 0.9 | ¢ 1.6
Unassisted* 6% 23 344 |13 12.4 | 33* 232
Multimodal 38 23 8.9 |4 6.8 |7 12.2
Vegetative Expansion 91 43 43.3 | 16 16.4 | 30 9.3
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Table 3.11. Dispersal modes of herbs by shade tolerance. W = 143 herbs. Shade
tolerance classification based on Nimerfro and Brand (1993} and Elleaberg { 1988).
Expected number of taxa = (2 taxa dispersed by mode + 143) x {# taxa in shade
tolerance class). “"High" = shade tolerance ¢lass |.2: "Intermediate = shade tolerance
class 3, "Low" =shade tolerance class 4.5. Dispersal mode and obsetrved value marked
by an asterisk when differences among tolerance classes significant at p<0.03, chi-
square tests of homogeneity by row, &f 2. and cell. ¢f] : dispersal mode in bold when
ditferences among classes significant after Bonferroni correction for the total number

of tests {13 tests by row).

Shade Tolerance

High Intermediate Low

Dispersal Mode & Taxa (n=43}) (n=19) {n=81"
(n=143} | Obs.  Exp. | Obs. Exp. | Obs. Exp.
Amimal 24 28 1628 T2 E 0.6
ingestion” 13 g 4542 20 | 4 8.5
adhesion 22 10 hé |3 2919 12.5
ant 17 9 al)]3 2303 9.6
Wind 42 2 126 | 3 36|35 238
Prolonged Dormancy 43 ¥ 12911 5.7 | 3¢ 24.4
Mechanieal Expulsion 12 4 3613 .6 | 5 6.8
gxplosive & 2 1.8 |3 0811 3.4
splash-cup 2 2 06 |0 03 |0 1.1
wind-push &4 0 1210 0514 2.3
Linassisted 25 g 753 3314 142
Multimodal 29 i 8.7 |1 39|26 16.4
VYegetative Expansion 63 21 [95}8 84636 i6.8




independent samples) (Table 3.12). Most modes varied along each pradient (p<0.01. Bonferroni
corection for 5 row tests; p<0.001, Bonfertoni carrection for 30 tests). The major exception was

dispersal by vegetative expansion which did not vary in relation to any gradient.

All modes were present on each portion of the gradients examinged. Patterns associated with

particufar gradients are summarized below.

Canopy Closure: Under low canopy closure (high light), the largest proportion abherbs fora given
tnode was dispersed by animal adhesion. wind. prolonped dormaney. unassisted means. and multiple
mades. These results reflect an underlving interaction between dispersal mode and habitat affinity
since herbs dispersed by these modes are over-represented by taxa with open habirat affinities.
Animal ingestion was the dominant mads of dispersal under high canopy closure (low light whereas
dispersal by ants was the dominant mode under medium canopy closure. Dispersal by mechanical

expulsion did not vary with canapy closure.

Moisture: In quadrats with seasonally dry depressions. the larpest proportion of herbs for a given
mode was dispersed by animal ingestion and ants. In quadrats with seasonally moist depressicns.
the dominant mode was dispersal by prolonged dormancy. In guadrats with seasonally wet
depressions. the predominant modes wers animal adhesion. wind, mechanical expulsion. unassisted
and multiple modes. Maisture conditions in quadrats with seasenally moist and wet depressions
were typically drv, however, since the latter habitats vecupied less than 30% of the quadrat. on
average. The percentages for dispersal modes. therefore, 12nd to be higher in quadrats with moist

and wet depressions sinee they inciude taxa with an alfinity for masic soils.

Percent Soil Organic Matter (% SOM]): In quadrars with low and medium soil otganic matter, the
largest proportion of herbs for a given mode was dispersed by animal ingestion and by ants,
respectively. In quadrats with high soil organic matter. the predominant modes were dispersal by
arlimal adhesion, wind, prolonged dermancy, mechanical expulsion, unassisted means and multiple

mades. Higher percentages of soil organic matter in these forests tend to be associated with tree pils
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and with moist to wet topographic depressinns, which typically occupied less than 50% of a given
quadrat. when present. The percentages for dispersal modes therefore tend to be higher in quadrats
with medium and high seil organic matter since they tvpically include taxa with affinity for low ta

medium percent soil organic matter.

Cover Type: The predominant modes under caver type " 1" { red or white cak. no sugar maple) were
dispersal by mechanical expulsion and by muitiple modes. The dominant mode under cover type
2" {sugar mapie +red or white oak } was dispersal by animal mgestion, whereas the dominant mode
under cover type "3" (sugar mapie. no red or white ogk. no wet mesic or wet ITeg species) was
dispersat by ants. No modes were dominant under cover type 4" {sugar maple + black ash, silver
maple, or American elm). The predominant modes under cover type "5" (black ash, silver maple.
American ¢lm. no sugar maple, no red or white oak) were dispersal by animal adhesion. wind.

pralonged dormancy. and unassisted means.

Disturbance: [n quadrats with a trail. regenerating tield. or canopy gap. the predominant modes of
dispersal were arumal adhesion, wind. prolonged dormancy. and multiple modes. This pattern
refleces differences in the propartion of herbs with affinity for "openttorest” and "open” habitats
{p=<0.001. Wilcoxen rank sum test. independent samples. data not shown). rather than invasion by
alien taxa. The proportion of alien taxa did not vary with disturbance class {(p>0.03. Wilcoxon rank
sum test. independent samples, data not shown). The dominant mode in quadrats without
disturbance features was animal ingestion, The proportion of herbs dispersed by ants, mechanical

expulsion and unassisted means did not vary with disiurbance ¢lass.

Multivariate Analysis

Further evidence of the tendency for dispersal modes 1o be associated with particular environmental
states Is provided by the distribution of dispersal muodes in the ordination space of detrendad
carrespondence analvsis{DCA). DC A is anordination technique which arranges vegetation samples

along gradients (axes) that maximize their dispersion on the basis of differences n spccics
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composition and abundance. Cruadrats that are close together in stand ordination space (Figures 3.1-
3.5} are more similar in species composition than quadrats that are Far apart. Quadrats sepacated by

maore than 4 standard deviations in these figures have few if any species in common.

The distribution of dispersal modes in ordination space reveals that quadrats in which animal
ingestion. ants, and vegetative expansion are the predominate mode of dispersal are largelv confined
to the right side of the stand ordination (Figures 3.1, 3.2, 3.3} whereas quadrats in which the
predominate modes of dispersal are amimal adhesion, wind. prelonged dormancy. mechanical
expulsion. unassisted, and multiple modes are concentrated on the left side of the ordination (Figures

3.1-3.5).

Quadrats in which the predominate modes are animal adhesion. wind or prolongzed dormancy often
overlap {30% of occurrenges ) {not shown). Quadrats in which animal ingestion. ants and vegetative
expansion are the predominate modes also tend to overlap (62% of occurmences) {not shown). In
conerast. dispersal by wind. prolonged dormancy and mechanical expulsion are rareiy major
constituents in quadrats where animal ingestion is the predominate mode of dispersal {Figures 3.2.
3.3). Thisistrue even in the central portion of erdinatian where 2ll modes are present. This suggests

that the environments in which animal ingestion predominates are well defined and ditterent from

ather modes.

[nspecuion of the survey data reveals that quadrats in which animal ingestion predominates are
characterized by moderaie to high canopy closure. mesic soils, moderate to bow percent soil organic
matter. low disturbance. and forest cover types 2 and 3. In contrast. quadrats in which wind,
proionged dormancy, and mechanical expulsion predorminate are charactenzed by moderate to low
canopy closure. moist to wet soils. moderate to high percent orpanic matter. high disturbanee. and
forest cover types 4 and 3. Unlike the latter modes. dispersal by animal ingestion is often the
predominate mods of dispersal on glacial fluvial parent materials 2nd never achieves predominance

on calcaregus cutwash or lacustrine parent materials.
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Figure 3.1. Distribution of herbs dispersed by animal ingestion (I} and by animal adhe-
sion {A) in relation to DCA axes | and 2. Only quadrats in which the proportion of
herbs dispersed by designated mode is3 75% quartile are labeled. Note minor overlap
{O) in quadrats where animal ingestion and animal adhesion predominate.
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The environments in which dispersal by ants predominates are similar to animal ingestion { Figure
3.2}, Unlike the latter, however, dispersal by ants was predominate in quadrats with wet depressions
and in quadrats on calcareous outwash parent materials. The environments in which dispersal by
mechanical expulsion predominates are similar to dispersai by wind and prolonged dormancy
{Fizures 5.2, 3.3). but wend towards the ¢losed and wet ends ot the environmental continuum. The
quadrats in which dispersal by animal ingestion and ants predaminate rarely overlap with quadrats

in which dispersal by wind. prolonged dormancy or mechanical expuision predontinate (Figure 3 .33

An important trend in the data which has been masked by the decision to label only those guadrats
in which the mode predominates is that sorme modes are more frequent than others. Herbs dispersed
by vegetative expanston. animal ingestion and ants oceur in virtually every quadrat whereas herbs
dispersed by prolonged dormancy. mechanical expuision and multiple modes are absent trom more
than 30 % of quadrats. Herbs dispersed by unassisted means. wind and animal adhesion are absent
frotm 6 %o 10 %e and 17 % of quadrats. respectively. Mostabsences occur in closed. dry. undisturbed

habirats on calcareouws till and glacio-fluvial parent materials.

The tendency for modes of dispersal to predominate in particular environmental states s readily
apparcnt in the CCA ordination presented in Figure 3.6, [n keeping with the pattern in the DCA
ordination. rthe portion of ordination space occupied by herbs dispersed hy animal ingestion and by
ants is widely separated from the portion occupied by herbs dispersed by wind. prolonged dormancy.
unassisted means. animat adhesion and multiple modes. Herbs dispersed by animal ingestion and
by animal convevance were most frequent ip quadrais with a closed canopy. mesic soils. and large
urees, whereas, herbs dispersed by wind and by prolonged dormaney were most frequent in disturbed
hahitats and quadrats with an open canopy. Herbs dispersed by unassisted means. adhesion o
animals. and by multiple tnodes, were most frequent in quadrats with a high number of voutiy stems.

high soil organic matter, Gleyselic soils, and calcareous outwash or lacusirine parent materials.

Taken together. these results reveal that dispersal modes of herbs of the farest understory tend to be

associated with particular environmental states at the quadrat scale. The mechanisms contributing
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to this pattern require further analysis since the observed associations may he caused by differential
dispersal, germination and establishment success. Nevertheless, the finding that all modes were
present in each portion of the gradients examined supgests that the distribution of herbs in these

forests has not been constrained by dispersal. or at least. has not been constrained absolutely.

3.3.2.3 Microhabitals

Environmental conditions within quadrats{ |10m x 10m ) were marely uniform. The relations berween
dispersal mode and covironmental states were reassessed at the microhabitar scafe in order that
patterns may be examined in relation to more unifurm states of forest cover. moistre. and

disturbance. Definitions and descriptions of examined microhabitats were presented in Chapter 2.

Pattern was investigated in relation to three contexts: difference in the total number of herbs
recarded each microhabitat (Table 3.i3): difference in the proportion of herbs in contrasting
microhabitats. paired samples (Tabie 3.14); and. difference in the proportion of herbs in contrasting
tnicrohabitats, independent samples (Table 3.13}. The first context clarified the degree 1o which
differences in the proportions of herbs in contrasting habitats were due to differences in the number
of herbs present. The paired sample analysis clarifisd the degree to which dispersal modes were
associated with particular environmental states when dispersal is known to be non-limiting. The

independent sample analysis extends the latter analysis to cases where the contribution of dispersal

15 not known.

Number of Herbs within Microhabitats

Tymeally, the number of herbs dispersed by a given mode did not vary ameong microhabitats (Table
3.13). The exception was dispersal by animal ingestion which was over-represented in closed. dry,
disturbed microhabitats {canopy gaps, tip-up mounds, tree pits. logs. stumnps. farm lanes‘access
roads), closed seasonally dry forest floors, closed seasonally moist forest depressions. and. closed
raised root mats (p<0.03, chi-square tests of homogeneity by column. of 38, Bonfertoni correction

for 9 modes). Among open micrchabitats, the number of herbs dispersed by animal ingestion
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departed from expectation only in dry tree pits.

Within microhabitats. the number of herbs rarely varied with mode of dispersal. Vhe exceptions
were seasonally dry or wet forest floors under closed canopies. disturbed microhabitats under closed
cahcpies (canopyv gaps with seasonally dry soils, tree pits with seasonally dry soils. stumps.
lanes‘access roads). and open regenerating fields (p<0.03. chi-square tests of homogeneity by row,
«df 8. rarely significant after Bonferroni correction for 39 row tests). The modes typicaily associated

with this pattern were dispersal by animal ingestion and by ants.

The mucrohabitats in which modes of dispersal were significantly over (under) represenied varied
by mode. Dispersal by animal ingestion was over-represented in eleven microhahitns (see whle).
whereas dispersal by animal adhesion was over-represented only in open. seasonally moist forest
depressions. Dispersal by ants was over-represented vi clesed seasonally dry forest tloors. and in
closed or open seasonally moist depressions. whereas. dispersal by wind was over-represented in
both closed and open regenerating fields. Dispersal by prolonged dormancy in the soil was over-
represented on open lanes/access roads and under-represented in dry closed tree pits. Dispersal by
unassisted means was over-represented on closed scasonally wet tloors. whereas, dispersal by
vegetative expansion was aver-represented in open scusonally maist gaps and in closed seasonally
dry tree pits. Dispersal by mechanical expulsion and by multiple modes did not differ from

expeciation in any microhabitat.

All modes of dispersal were represented in most microhabitats. The exceptions were seven rare
micrahabitats with seasonally saturated or shallow soils {number of missing modes in brackets):
closed seeps (1), open seeps (2). closed seasonally maoist tree pits (4). open seasanal iy wet trec pits
{8). boulders (3), open riparian marshes (1). and open riparian thickets (1), The modes most
frequently absent from these habitats were dispersal by animal ingestion {3 habitats), pralonged
doermaney (4 hahitats) and multiple modes {3 habitars). The modes least absent from these habitats
were dispersal by animal adhesion. wind. mechanical expulsion and vegetative expansion. These

modes were absent only from open seasonally wet tree pits.
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The wrends in Table 3.13 are broadly consistent with the trends reported in Section 3.3.2.2,

Praportion of Herbs in Contrasting Microhabitats within the Same Quadrat

Within quadrats. the dispersal modes of herhs were often assoeiated with particular microhabitats
{ Wilcoxon signed rank tests by cell. paired comparisons) (Table 3.14). This suggests that herb
assernblages in these samples were affected more by factors gaveming germination, establishment.
and persistence than by dispersal. per se. since herbs dispersed by each mode were already present

in each guadrat.

The following pattems were observed:

i) Under closed canopy conditions, the propertion of herbs dispersed by animal ingestion.
mechanical expulsion and vegetative expansion was significantly higher on disturbance features with
organic substrales such as logs. stumps and raised root mats than on the adjacent dry forest Hoor.
The proportion of herbs dispersed by these modes on mineral substrates. such as pitmound
complexes. and on features created by anthropogenic disturbance, such as lanes. access roads. und

regenerating fields. did not differ from the proportion an the adjacent forest floor.

i) Undet¢losed canopy conditions. the proportion of herbs dispersed by animal adhesion. ants. and
unassisted means was significantly lower on natural disturbange Features with organic substrates than
on the adjacent forest floor. As in the previous case. the proportion of herbs dispersed by these
modes on mineral substrates. such as pit'mound complexes. and on features created by
anthropogenic disturbance. did not differ {or rarely ditfered) from the proportion on the adjacent
floor. The propertion of herbs dispersed by wind, prolonged dormancy and multipie modes did not

differ from the adjacent forest floor under any conditions.

iti} The proportion of hetbs recorded under open canopy conditions did not differ from the

proportion recorded in the same habitat under closed canopy conditions.
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iv) The propartion of herbs dispersed by ants was significantly lower in moist and wet depressions

under closed canopy conditions than on the adjacent div forest floot,

v} The proportion of herbs dispersed by animal adhesion. ants, wind and prolonged dormancy on

disturbance features varied with the feature and the nature of the subsirate.

Proportion of Herbs in Contrasting Microhabitats, Independent Samples

The number of contrasting conditions that could be evaluated in paired samples was constrained by
sample size and within-quadrat habitat combinations. By relaxing the requirement that contrasting
habitats be present in the samse quadrat. the analysis can be extended to the more pencral case: does
the praportion ef herbs dispersed by various mades change under cantrasting habitat conditions.
The greater generality achieved by this approach is otfset by greater uncertainty regarding causal
mechanism. since differences among sites cannot be controlled to the same degres. and. the degree

10 which dispersal is limiting is not known.

In general. the proportion of herbs dispersed by a given mode varied in response o contrasting
habitat conditions 1 Wilcoxon rank sum tests. independent samplesi{Table 3.15). Habital contrasts
that produced the most significant ditferences were the following (number of modes where the
difference was significant in brackets): closed vs open dry forest floors (6): closed vs open forest
Noors/depressions (6). closed forest floors/depressions v open hutnan disturbance features (6],
<losed forest Hoors/depressions vs open natural disturbance teatures (3), drv vs moist closed forest
fleors (4} and. natural vs human disturbanee leatures under an open lorest canopy {41, Habitat
contrasts in which the proportion af herbs did not vary for any mode were moist floors versus moist
depressions. and. closed versus open pit/mound complexes. Moedes of dispersal that were most
sensitive to changes in habitat conditions were animal ingestion, prolonged dormancy in the soil.
ants. and wind {difference in response was signiticant in >30% of habitat contrasts). Modes that
were least sensitive 1o changes in habitat conditions were dispersal by unassisted means and by

multiple modes (difference in response was signiticant in <20% of habitat contrasts).
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Table 3.15. Mean percent ol herbs (n=234) dispersed by various modes in contrasting microchabitats within 10m x {0n1 gquadrats.
Wilcoxon rank sum lests, independent samples. Al = animal ingestion, AA = animal adhesion, A= ant, W = wind, PD = prolonged
dormancy, ME = mechanical expulsion, U = unassisted, MM =multiple modes, VI2 = vegetative expansion, Quadrats with mode in each
habitat excluded from anadysis. Mean % tor microhabital presented for sunimary purposes. Lacger value marked by an asterisk when
differeoce belween habilats signilicant: [t| * p<0.05, ** p<0.01, *** <0001, **** p<0.0001; larger value in bold when difference
significant after Bonferroni correction lor n=9 1ests per comparisen. N = 192 quadrats; n = maximum number of quadrats in analysis.
Suffixes: "-ce" = closed canopy; "-oc" = open canopy.

Dispersal Mode
Microhabital (n=} Al AA A W P ML L LT VE
dry forest floor/rise-ce 126 | 26.3™ 12.4 374G 17.9 1.2 e 19,7 10.8 60.4°
dry lorest loor/rise-oc 12 (3.4 16.9' 0 2500 e Q.5 184 20.8” 492
dry lorest fleer/rise-ve PEIH | 2647 12.6 28,4 142 1.0 w3 19,7 .7 6047
muist forest floor/rise-ce (8 15.7 15.2 .2 L 14.8 135 216 13.5° AT.0
meist lorest floorfrise-ce 18 7.6 16.2 13.5 6.2 162 11.6 134 13.2 45.0
moist forest depressions-co 19 15.6 15.0 16.4 33.7 17.0 16.4 154 159 47.4
all farest floors/rises” depressions-ce | 143 | 2717 1 13.4 255 21.0 2.0 .7 2. 12.2 uti 3 I
all forest Moorsfrisestdepressions-oc | 18 12.1 17.4° 19,7 28,7 184 6.7 196 19.2° 47.6
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Herbs dispersed by animal ingestion were most strongly associated with elosed. dry forest floors;
logs and stumps under closed canopies; and with natural rather human disturbance features (p<0.03.
Baonferroni correcticn for @ tests per comparison}. In contrast, herbs dispersed by animal adhesion
were most strongly associated with open natural disturbance feamres. whereas. herbs dispersed by
ants were most strongly associated with closed forest floors, elosed pitYmound complexes, lanes and
access roads under closed canopies. and, with natural rather than human disturbance features. Herbs
dispersed by the wind were most strongly associated with open human disturbance features such as
lanes. access roads and regenerating tields. whereas, herbs dispersed by preionged dermancy in the
sail were most strongly associated with humnan disturbancee features under an open eanopy and with
closed logs and stumps, Herbs dispersed by mechanical expulsion and by unassisted means were
mosl strongly associated with closed logs and stumps. Herbs dispersed by multiple modes were
most strongly associated with open forest floors. human disturbance features under open canopies.
and closed logs and stumps. Incontrast, herbs dispersed by vegetative expansion were most strangly

associated with closed, dry forest loors.

The patterns of association revealed by independent and paired samples were similar in cases where
direct or indirect comparison was possible. The sole exception was the affinity of selected modes
for open habitats. [n conurast to the pattern in paired samples. the proportion of herbs dispersed by
animal adhesion, wind, prolonged dormancy, and muitiple modes was often significantly higher

under open than closed canopy conditians.

The latter result is intuitively more satisfying given that many of these herbs have affinities for open
habitats. The difference inresults is primarily in the relative strength of the outcome. however. since
the proportion of herbs in open habitats was also greater in the paired samples analysis. I the
positive. but non-significant, difference in richness in the paired sampies simply retlects the low
probability that a new taxon may land or germinate in a canopy opening before it closes, then ihe
difference in results may be due to the larger sample size. and the different unit of measure, in the
analvsis of independent samples. The greater number of closed forests with low species richness

in the independent samples analysis may also have strengthened the statistical relationship in that
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analysis.

3.3.3 Patiern in Relation to Abundance Yariables

The tendency for dispersal maodes 1o be associated with particular states of pilant abundance was

examined in relation to frequency class, cover class and species richness class.

3.3.3.1 Frequency Class

The frequency class of herbs rarely varied with dispersal mode (Table 3.16). The sole exception
were herbs dispersed by animal ingestion which were over-represented in the high frequency class
(225 quadrats) {p<0.001. chi-sguare tests homogeneily by row and cell, Bonferroni comrectian for
LG row tests and 30 cell tests). The endency for hetbs dispersed by animal ingestion to ocour with
high frequency is consistent with the mobility and variety of animal taxa that consume fleshy fruits,

and. with the capacity of these herbs (o perminate and persist under closed canopy conditions.

Surprisingly. the frequency of wind dispersed herbs did not difter from expectation. Given the
mobility of wind dispersed diaspores. one might have expected wind dispersed herbs ta be over-
represented in the high frequency elass. The capacity for these taxa to colonize and persist in closed
habatats 15 limited, however, and these factors mav have offset the extended dispersal reach of these

spevies,

31.3.3.2 Cover Class

The cover of a given herb within a | 0m % 10m quadrat often vaned with the mode of dispersal (¢chi-
square iests of homogeneity by row and column) (Table 3.17}. Herbs dispersed by the wind were
over-tepresented in cover ¢lass 1 whereas herbs dispersed by animal inpestion. and by vegefative
expansion, were aver-represented in cover classes 4 and 3. Herbs dispersed by prolonged dormancy
were over-represented in cover class I and under-represented in cover classes 2 and 4. FHerbs

dispersed by ants were over-represented in cover class 3 (chi-square tests of homogeneity by celi).
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Table 3.16. Dispersal modes of herbs (n=232) by frequency class. Cell values are the
number of observed and expected herbs dispersed by a given mede at the designated
frequency. Expected = (¥ herbs dispersed by mode — 252} x (# herbs in the frequency class).
Dispersal mode and observed valuc marked by asterisk(s) when departure from cxpectation
significant; *p<0.03, **p<0.01, ***p=<0.0HI, chi-square tests of homogeneity by Tow (df2)
and eeli (&f1). respectively; dispersal mode and observed value in bold when departure fram
expectation significant after Bonfertuni comection for 10 row tests and 30 cell tests,

respectively. N=192 10m x10 quadrats.

Dispersal Mode

Frequency Class

High Intenmediate Low

Mode # Herbs 215 quadrats 3-24 quadrats 1-2 quadrats

n=4% herbs n=[27 herbs n=76 herbs
Obs. Exp. | Obs. Exp. | Obs. Exp.
Animal 3 3 158 | 38 408 | 20 244
Ingestion 17 10" 3|4 8.6 |3 5.1
Adhesion 14 3 6.6 | 20 [7.1 19 t0.3
Convevance {ani} 33 3 6.4 | 16 166 |9 0o
Wind 64 1l 124 |23 D3I 193
Frolonged Dormancy 30 5 9.7 | 31 232114 151
Mechanical Expulsion 18 3 3|8 91 |7 34
Unassisted 78 12 152139 393 |27 233
Multiple Modes 39 3 76 | 24 19.7 | 18 11.8
Yegetative Expansion 95 23 18.5 | 49 479 | 23 187
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The tendency tor herbs dispersed by animal ingestion. ants and vegetative expansion to be over-
represented in the higher cover classes (s consistent with their greater tolerance tor deep shade and
capacity for clonal growth. The tendency for herbs dispersed by wind and prolonged dormaney to
be aver-representad in cover class 1 (s consistent with their mobility in space. or time. and their
affinity for high light environments. Both recruitment and extinction processes may contribute to

the tendency for the latter species to be found as isolaied individuals or in smal] clumps.

3.33.3 Richness Class

The mean proportion of herbs in a 10m x 10m quadrat dispersed by a given mode varied with the
number of taxa in the quadrat {Table 3.18). The proportion of herbs dispersed by animal ingestion
and by ants was highest in quadrats with low species richness. whereas. the proportton dispersed by
animal adhesion. wind, prolonged dormancy, mechanical expulsion. unassisied means, and multiple
modes was highest inquadrats with high richnesst Wilcoxon rank sum tests by row). [he proportion

of herbs dispersed by vegetative expansion did not vary with the species richness of the quadrat.

This pattern is broadly consistent with the tendency for taxa dispersed by these modes to be
associated with closed or open habitats (Tables 3.9 and 3.12). Closed forest habitaws tend o be
comparatively species poar since taxa with affinity tor open habitats cannot germinate or persist
under a closed canopy. Open forest habitats. on the other hand. provide opportunities for
colomzation by taxa with affinities for high light conditions. and. retain taxa with affniy for
moderate and low [ight conditions {since epen canepy conditions are shori-lived} and thus tend 10

be comparatively species rich.

334 Partern in Relation to Spatial Scale

The tendeney for the dispersal modes of herbs to vary in relation to the spatial scale of their

surroundings was examined in relation to patch size and patch isolation.

187



Table 3.18. Dispersal modes of herbs (n=252) by species richness class. Cell value: mean
percent of herbs in 10m x (0m quadrats dispersed by mode. Dispersal mode and class with
the highes! mean ranked surn marked by asterisk(s) when differences among richness classes
significant: *p=<0.03, **p<0.01. ***+p<0.001. ****p<0.0001. Wilcoxon rank sum tests by row.
df 2; dispersal mode and cell value in bold when differences significant after Bonferroni
correction for 10 tests, N=192 quadrats.

Dispersal Mode Richness Class
High Intermediate Low
Mode 256 taxa/quadrat [ 29-33 raxa/quadrat =28 taxa/quadrat
a=4%quadrats n=9%3gquadrats n=30quadrats
Animal A 26.7 3257
[ngestion 6.6 9.4 1457
Adhesion 677" 0.6 31
Conveyance {ant) 8.4 10.7 149
Wind 15477 8.9 3.0
Prolonged Dormancy 1017 4.4 20
Mechanical Expulsion 4.0 3.6 1.7
Unassisted 1497 1D.3 7.1
Multipte Modes B.6™" 1.8 21
Vegetative Expansion 5.7 238 29.6
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3.3.4.1 Patch Size

The proportion of herbs dispersed by a given mode often varied in relation to patch size {Wilcoxon
rank sum tests) {Table 3.19). The proportion of herbs dispersed by animals, ants, prolonged
dormancy. and multiple modes was highest in patches of intermediate size. whereas, the propottion
of herbs dispersed by mechanical expulsion, unassisted means, and vegetative expansion was highest
in small patches. The propartion of herbs dispersed by animal ingestion, animal adhesion. and wind

did not vary with patch size.

The causal mechanisms for these patterns are not immediately apparent. However. the pattern is
consistent with the tendency for stnall patches to have wet depressions (Table 2,12}, and. for paiches
of intermediale size to be rich in sugar mapie {Wilcoxon rank sum test. not shown), The former may
explain the greater frequency of herbs dispersed by unassisted means. mechanical expulsion and
prolonged dormancy in small patches. given their apparent affinity for moist and wer soils. whereas.
the latter may explain the greater frequency of herbs dispersed by ants patches of intermediate size.

given their apparent affinity for sugar maple stands on mesic soils (Tables 2.12 and 3.12).

Only the most mobile modes did not vary with patch size: animal ingestion. animal adhesion. and
wind. The degree to which this pattern is due to dispersal is unclear since the environmental states
most strongly associated with these modes did not vary with patch size: canopy closure. mesic soiis.

high seil arganic maiter, cover type 3, and disturbance {Tables 2.12 and 3.12).

3.3.4.2 Patch [solation

The dispersal mades of herbs rarely varied with patch isolation { Witcoxon rank sum tests) {Table
3.2(). The exceptions were dispersal by unassisted means and by vegetative expansion. The former
were more abundant in quadrats in patches of intermediate isclation whereas the latter were more
abundant in quadrats in patches of low isolation. These differences were not signiticant after

Bonferroni comrection for the number of tests.  The mechanisms responsible for this resull are not

apparent.
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Table 3.19. Dispersal modes ot herbs (n=232) hy patch size class. Cell value: mean percent
of herbs in 10m x 10m quadrats dispersed by mode. Dispersal mode. and class with the
highest mean ranked sum. marked by astensk(s) when differences among size classes
significant: *p<0.03, **p<0.01, ***p<0.001, ****p<0.0001.Wilcoxon rank sum tesis by row:
dispersal mode and cell value inbold when differences significant after Bonferroni correction
for 10 tests. N=192 quadrats.

Dispersal Mode Parch Size Class
Large Intermediate Small
Mode = 122 ha 43-121 ha = 42 ha
n=4§ quadrats n~=38 quadrats n=3f quadrats
Animal** 228 29.4™ 26.9
Engestion 10.2 10.3 2.1
Adhesion 5.7 57 59
Conveyance (ant} 7.0 1327 (1.9
Wind g5 (0.8 1.1
Prolonged Dormancy* 34 59 39
Mechanical Expulsion 3.4 2.4 47
Unassisted R.3 10.4 13.0
Multiplec Maodcs* 34 38 5.5
Vegetative Expansion® 24.6 273 T
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Table 3.20. Dispersal modes of herbs {(n=232) by isolation class. High: mean distance to
nearest & woodlots in 45% sectors » 477m; Iniermediate: mean distance 233-47a m: Low:
mean distance 3 232 m. Cell value: mean percent of herbs in 1m x 10m quadrats dispersed
by mode. Dispersal mode, and class with the highest mean ranked sum. marked by asterisk(s)
when differences among richness classes significant: *p<0.05. **p<0.01. ***p<0.001, ****
p=<0.0001 Wilcoxon rank sum 5t by row: differences among classes not significant atiet
Benferroni carrection for 10 tests. N=192 quadrats.

Dispersal Mode Isolation Class
High Intermediate Low
¥ode =477 m 233476 m <23lm
n=48quadrars n=%6guadrats n=48quadrats
Animal 36.1 318 55.7
Ingestion 20.7 2 233
Adhesion 12.0 10.0 9.8
Conveyance (ant) 234 206 237
Wind 189 18.3 201
Prolonged Dormnancy 1.4 &1 g1
bechanical Expulsion 7D 5.7 6.1
Unassisted* 18.6 220 18.2
Multiple Modas 11.5 5.2 8.0
Vepetative Expansion** 48.0 54.0 60.3"
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3.4 Dhiscussion

Limitations of the Methodelagy

The composition and relative abundance of herbs in a given assemhlage may be influenced by the
composition, size and frequency of the seed rain: differential germination and establishment success:
competitive interactions. and other factors. [n principle. the distribution of plants  will resemble
the distribution of diaspores only when the probabilily of recruitment and persistence are
independent of where a seed may land. In practice. this probability is not independent. and
determination of the degree to which the compoesition of an assemblage has been influenced by
dispersal limitation. site lumitation, and persistence. i5 a complex undertaking. Inferences with
respect 1 causal mechanism that may be drawn from pattem in the atiributes and distribution of

established plants. therefore. are limited.

in this study. the composition of an assernblage was deemed 10 have begn influenced by dispersal
it i} the propertien of herbs dispersed by a given mode was significantly greater than its proportion
in the sampled flora; and, i1} there was evidence of directed dispersal; or, iii) there was reason (o
canclude that the composition of the assemblage was not the resuft of differential germination.
establishment, or persistence. This test of causality limits the accepted cases of influgnce o those
in which seeds are dispersed beyond the immediate vicinity of the maternal plant, and, seedlings
agprepate in sufficient numbers to be detected in a chi-square test of homogeneity or a Wilcoxon
rank sum test. Seeds that are dispersed close to the maternal plant will be excluded from
constderalion since dispersal at this spatial scale is non-limiting and pauern in the established
vegetation will be due to differential germination. ¢stablishment or persistence. Seeds that are
dispersed at randem beyond the immediate vieinity of the maternal plant will often be excluded

since they will fail to aggregare in sufficient numbers to be detected in statistical tests.

Taken together. these conditions remove most seeds from consideration when evaluating the
potential contribution of dispersal o the distribution and composition of herb assemblages in the

forest upderstory {Portnoy and Willson 1993).



Has Dispersal Mode been a Limiting Factor in Sampled Herb Assemblages?

One inference that may be drawn. when modes of dispersal are consistently present in the sampled
vepetation. is thai the assemblage has not been constrained by the mode of dispersal, orat least, has
not been constrained absoluiely, This inference. while necessanily true. is not trivial when interpreted
in the context of reported difterences in the maximum reach of dispersal modes (Appendix |l and
concern that dispersal may be limiting in fragmented landscapes {Curtis 1936, Matlack 1994, Kalisr

¢f etf. 1997 Tilman 1997, Ehrlen and Eriksson 20000,

By this test. the composition of herb assemblages in these forests has nat been constrained by the
mode of dispersal. or at least, has not been constrained absolutely. bach mode of dispersal was
tepresented on cach portion of the ¢ovironmental gradionts examined {Table 3.12}, and. with few
exceptions {7 rar¢ habitats with extreme conditions). in each type of microhabitar (Table 3.131.
Although most modes were absent from at least one 10m x 10m qgoadrat. each mode of dispersal was
present in all but one sampled patch (summaries of survey data. not shown). This pattern sugpests
that at [east sorme seeds from each functional group were able to reach most patches and 1o germinate

in most conditions recorded there.

Contrary to my expectations at the beginning of this study. the number of herbs recorded at low.
wtermediate and high frequeneies was in proporiion o their representation in sampled patches
(Table 3.16). This suggests that the frequency ol herbs in the sampled landscape was not
constrained by mode of dispersal. The soie exception were hgrbs dispersed by animal ingestion,
which were significantly over-represented in the high frequency class. Unlike other herbs. herbs
dispersed by animal inpestion are both mobile and comparatively shade-tolerant and thus may
gxperience greater colonization success in the foresi understory. Taken together, these findings

support the inference that mode of dispersal has not been a fiméting factor in sampled patches.

The inference that mode of dispersal has been a non-limiting factor in the cornposition of sampled
herb assemblages may depend erilically on the level of penerality inthe analysis. Therefare. what

may be true for funetional groups may not apply to individual populations and species. Similarly.



what may be true for environmental states may not apply to individual localities. Or, at least, not

at all temporal und spatial scales (Matlack 1994, Brunet and von Oheimb 1988, Cain er af. 1998).

Has the Composition of Herb Assemblages been Mediated by Dispersal?

The tendency for the dispersal modes of herbs to be associated with particular environmental states
{Figures 3.1-3.6. Tables 3.12-3.13)is consistent with a dispersal mediated process that has facilitated
the colomzation of taxa in certain habitats but not others. According to this hypothesis. the observed
tendency for herbs dispersed by animal ingestion to be over-represented in fermer canopy gaps. and
on natural disturbance features associated with former canopy gaps (tip-up mounds. tree pits. logs
and stumps) {Table 3.13), may be attributed to the habitat preterences and foraging behavior of theit
dispersal agents and to the methods by which szeds were processed. Similarly, the tendency for
herbs dispersed by the wind to be found in spen habitus may be attributed to higher wind speeds
and the greater dispersal reach of diaspores in apen vs closed habitats (Hughes er af. 1994). The

evidence for such an hypothesis is examined below.

The pattern of colontzation by herbs dispersed by fleshy fruits does appear to be consistent with a
dispersal mediated process. First. birds thatconsume fleshy [ruits are known to forage preferentially
in canopy gaps (Thompson and Witlson 1978, Willson ef af. 1982. Malmbarg and Willson 1988)
and to regurgttate or excrete the majority of ingested seeds within and near paps (Hoppes 1988).
Moreover, forests and advanced second-growth habitats are known to support a greater diversicy and
abundance of trugivorous birds than early suecessional habitats and grasslands (Willson 1586,
bMcDonnell and Stiles 1983). While the foraging patterns of mammals are apparently less defined
{Willsen and Whelan 1990). the scat of both mammals and birds has often been observed in tree pits

{Thompson 1980} and on logs and sturnps (Whelan 1 ¢l 1990, personal observation).

Second. all fleshy-fruited herbs observed in tree pits. ot on tip-up mounds, logs and stumps. were
also recorded on forest floars (summaries of survey data. not shown). And. all but two fleshy-fruited
hetbs recorded on forest floors were present in tree pits. or on tip-up mounds, logs and stumps. Thus

there is little evidence that the distribution of fleshy-fruited herbs on these features has been
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constrained by differential germination or persistence.

[hird. inspection of the normative and compositional data {Tables 3.13 and 3.14. respectively)
reveals that the over-representation of fleshy-fruited herbs on these featuras is due 1o an increase in
the number of taxa rather than to an increased propaortion of the taxa capable of colonizing these
features. This supgests the principal mechanism contributing to this pattern has been dispersal
enrichment. Although the direction of dispersal is unknown. the higher frequency and proportions
of fleshy-fruited herbs on closed vs open features (Tables 3.13 and 3.15) suggests that the teatures
were colonized over time and primarilv from the torest tloor. This pattern. and interence. are
comsistent with the patterns of herb colonization reported for tree pits and logs in three [llioois
woodlands { Thempson 1980). and. with the seed min reported for Trelease Woods. [Hinows. {Willson

ef al. 1982, Hoppes 1983),

Interpretation of the colonization pattern of herbs dispersed by ants is kess transparent. Although
present in every patch. and in virwally every quadrat {189/192), herbs with elaiosomes were
cansistently over-represented on closed dry torest floors. Up-up mounds and dry tree pits {Table
3.13) and strongly under-represented (in selected habitat contrasts) on closed wet forest floors., logs

and stumps. meist or wet depressions, and regenerating tields (Tables 3.13, 3.14, 3.15).

Aspects of this pattern are consistent with a dispersal mediated process. First, ants are known Lo
carty ¢laiosome-bearing seeds back to the nest where the elaiosome is eaten and the seed is
disecarded unharmed {e.g. Handel 1978, Beattie and Culver 1981). [n forests of the US northeast,
tests of these species may be located in the soil (n=13 species}, on decaving wood such as lops and
stumps (=3 speeies). or in both soil and decaying wood {n=2 species) {Appendix13). Mast taxa
excavate theirnests indry mineral soils { Creighton | 93)). However. nests of Myrmecine americana
and Prenolepis imparis are typically found in moist and damp soils, respectively (Creighton 1930).
and. nests of Formica neogagates, F. subsericea, Lusins alienus. and Tapinome yvessile have been
observed on arganic soils insouthern Quebec (Letendee er . 1971). These tendencies are consistent

with both the widespread occurrence and observed trequencies of elaiosonie-bearing herbs. This
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inference, however. depends on the unpraved assumption that similar taxa and frequencies occur in

sampled forest patches.

Second. ants that forage primarily in forest habitats have been shown to be less tolerant of elevated
temperatures than taxa associated with old-field ar ather open habitats {Lynch 198 1). Although the
habitat atTinities of known myrmecachores have nat been widely assessed. most evaluated species
show an affinity for forested habitats (Lynch 19813 However, at least one known mvrmecochore.
Tapinoma sessile, has an apparent affinity for recently abandoned fields. and two predominately
Forest litter species, including one of the most comnmeon ant species of the eastern deciduous forest.
Aphaenagascer rudis (Lynch et al. 19801, have been recorded there (Lynch 1981). [fthese species
were 10 nest in old-felds. then differences in the freqgueney and habitar affinity of dispersal veciors

may contribute to the observed scarcity of elalosome-bearing herbs in regencrating old-field habitats,

Third, the cver-representation of elgiosome-bearing herbs on elosed forest floors. tip-up mounds and
dry tree pits was due to a greater number of herbs rather than to a higher proportion of taxa that were
able to cofonize these habitats (Table 3.15) Moreover. 21 of 26 species recorded on closed dry
forest tloors were also recorded on tip-up mounds and in tree pits: alb taxa recorded in the latter
habitats were recorded on closed dry forest floors {summanes of survey data, not shown). Taken
topgether. these data provide little evidence of limitation by other factors and suggest that the

principal mechanisin contributing to this pattern has been dispersal encichment.

The case for dispersal limitation as the principal mechanism in habitats where elalosome-bearing
herbs were under-represented is less strong.  Adthough somewhat fewer species were recorded in
regenerating fHields, stumps, and open moistdepressions (Table 3,13}, the strength of the relationship
was due primarily to differences in the proportion of elaiosome-bearing taxa in the contrasting
habitat {Tables 3.14. 3.13). This was also the case for closed and open logs where more. rather
fewer, species were present {Tables 3.13.3.14). Taken together, these results suggest that dispersal
was not the principal mechanism responsible for the under-representation of elaiosome-bearing herbs

in these habitats. Howewver, the under-representadon of elaiosome-beanng herbs on clased wet
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floors s consistent with a dispersal mediated process. since significantly fewer species were

recorded in this habitat (Table 3.13) and comparatively few species of ants nest in such conditions.

The presumption that claiosome-bearing herbs are dispersed exctusively by ants is nat stnctly true.
Yellowjacket wasps in Oregon state have been observed transporting diaspores of Trilfum overum
te their nests (Jules 1996), and in Washington state. Pellmyr {1983) has observed vellow jacket
wasps dispersing etaiosome-bearing seeds of Vancowveria hexandra (Berberidaceae). Elaiosomes
represent a rich source of lipids in the forest underztory and it Is likely that deer and other znimals
consume and passively disperse the diaspores efmany "ani-dispersed” herbs. [ntrequent but chance
(or cansistent but unrecogmzed) dispersal by insect and animal vectors may therefore be an
impartant mechanism tor longer-distance dispersal of these herhs and may account tor their rapid

apparent rate of posi-glacial migration in eastern Narth America (Cain er «f. 1998),

The degree to which dispersal has contributed o patterns of association for other modes is less
certain. Herbs dispersed by the wind., for example. were consistently associated with open
microhabitats and with human disturbance (Tables 3.12 and 3.13). While propagules with wings
and plumes may travel farther in these hahitats than under a clased forest canopy (Hughes er af
1994). the rendency for wind-dispersed harbs w be poorly represented in forest habitaws 15 more
likely to be have been caused by differential germination success ansing from differences in seed
weight (Salisbury 1942, 1974. Baker 1972, Lufiensteiner 1979, Mazer 1990, Saverimuttu and
Westoby 1996), Species of open habitats tend to have lower seed mass than congener spectes ol
closed habitats and thus {ack sufficient reserves to sustain seedling erowth indense shade during the
critical cotyledon stage (Saverimurtu and Westoby 199%6). According o this view. species should
differennially aecupy habitats on the basis of seed size (Mazer 1990) rather than on the basis of

dispersal reach.
Pubiished data were not sufficient to test the seed size (seed reserve) hypothesis. However, in

keeping with this hypothesis, approximately 10 % of the wind-dispersed herhs in this study had an

affinity for closed habitats {Appendix 2): Asrer macroplytius, Boehmeria eviindrica, Galearis
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spectabilis. Prenanthes sp., Solidagoe caesia, and Solidago flexicaudis. The reported mean seed mass
for congeners of ¢closed vs. open habitats (sensu fata) is consistent with the predictions of the seed
size {seed reserve) hypothesis: 0.847 mg (n=1) vs 0.230 me {n=3) for classified species of dster:

0.346 mg. (n=1} vs. 0.090 mg. (n=7) for classified species of Sefidagn (Mazer 1990).

In addition. the mean frequency of wind-dispersed herbs in sampled patches was higher tor herbs
with affinity for "forest” habitats (% = 1R.0 quadrats, n=6 herbs) than for herbs with affinity for
"open” habitats { = = 4.4 quadrats, n=22 herbs) (p=0}.03. Wilcoxon rank sum test, not shown), Herbs
with aftinities for intermediate conditions were present at higher frequencies ( x =43.2 quadrats. n=6
herbs with affinicy for " forest = open habitats™; %=16.8 quadrats. n=28 herbs with affinity for "open
+ [orest habitats"). These data suggest that [ower wind speeds in forest interiors do not pase 2
colonization constraint for wind-dispersed herbs with aftinities for closed habitats (sewnsu fate). The
dispersal reach of asters and poldenrods may be enhanced by late season Howering and by higher
wind speeds associated with a sencseing canopy. The higher mean frequency of herbs with affinity
for "forestYopen” habitais may indicaie that the dispersal reach of forest dependent taxa is

constrained by their greater seed mass.

Wind-dispersed herbs were present in every sampied forest patch but were absent from 10 % of
quadrats within patches. Closed canopy conditions were present in most of these quadrats, [n the
remaining cases. canopy gaps were either small (<2% of sampled area) or in a farge forest stand

where the sole wind dispersed herb was Sofidage fexicaniis.

Taken together. these results suggest that closed canopy conditions pose less of'a constraint for herbs
with affinities for ¢closed habitats {"forest”. "forest+open”) than for open habitats ("open”. "open +
forest”). While the colonization success of wind-dispersed herbs may be mediated to some exient
by dispersal processes. the overall evidence from this study sugpests that the principal mechanisms

govermng their distribution are differential germination. establishment or persistence.

Herbs dispersed by animal adhesion were over-represented in open seasonally moist depressions
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(Table 3.13) and were consistently associated with open habitats in contrasting habitat comparisons
{Table 3.13). While these habitats are associated with animal activity. the more likely explanation
for rhis pattern is differential germination. establishment or persistence since dispersal by animal
agdhesion is primarily a stochastic process (Arnew and Flux 1970, Buliock and Primack 1977.
Sorensen 1986, Williams and Guries 1994, Kiviniern 1996%  The habitat affinities of herbs
dispersed by adhesion are broadly consistent with this inference: 74.2% of taxa have aftinities for

open habitats {sensy faro) and 30.4 % of these taxa have affimities for moist and wet habitats,

Herbs dispersed by mechanical expulsion were aver-represented in open seasonally wet tree pits
(Table 3.13) and were strongly associated with logs and stumps under closed canopies in habitat
comparisans| Tables 3.14). Atthe local scale, dispersal by mechanical expulsion sheuld be primarify
a non-limiting process since mast seeds land in the immediate vicinity of the parent plant { Appendix
11). The principal contributors to paitern in the local herb assemblage should therefore be
diffetential permination, ¢stablishment and persistence. [n keeping with this inference, only 3044
of the ballochores recorded on elased forest floors were present on logs and stumps (summaries of
survey data, nat shown). The ballochores oceupying open seasenally wet tree pits were habitat

generalists that were recorded in more than §0% of classified habitats.

Although the dispersal reach of herbs dispersed by mechanical expulsion is typically less than 3
metres (Appendix | [}. ballochores were present in 23 of 24 sampled patches. Longer-distance
dispersal may theretore be achieved by ingestion by birds. mammais or insects. [nierestingly, herbs
dispersed by mechanical expulsion in this study were never secondarily dispersed by animal

adhesion.

Herbs dispersed by unassisted means were over-represented on closed seasenally wet forest floors
(Table 3.13} and under-represented on closed logs and stumps in habitat contrasts {Table 3.14).
Although the diaspores of these herbs lack apparent features that may facilitate their dispersal, herbs
dispersed by unassisted means were present in every patch and in 181 of 192 quadrats. The

contrihution of dispersal to this pattern is not known but presumably is mediated by animal vectors.
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Herbs dispersed by prelongsd dormancy were initially dispersed by some other apent: unknown
vectars (36%4), wind (34%). vegetative cxpansion {26%), adhesion to animals {16%), mechanical
expulsion (14%), ants (6%). and ingestion by animals (2%) percentzges do not sum w 100 since
certain herbs were dispersed by more than one mode). The distribution of propagules arising from
dispersal in space has presumably been masked by patterns of recruitment in time. owing to the
inherent requirement for high light condittons for germination and establishment. [n keeping with
this inference. the habitats in which dispersal by prolonged dommancy was most prominent were
open microhabitats associated with human disturbance and former canepy gaps (closed logs and

sturnps) (Table 3.15).

Herbs dispersed by vegetative expansion were often dispersed by some other agent: animal ingestion
(7.9%). animal adhesion (4.4%0). ants (22.0%). wind ¢35.2%). prolonged dormancy {(14.3%).
mechanical expulsion (5.8%). and multipie modes (13.2%). Herbs dispersed by vegetalive
gXpansion were present in every quadrat and rarely were associated with particular microhabitats.
Their numnbers were over-represcnted, however, in open. moist. canopy raps and in¢losed. dry. ree
pits (Table 3.13}. The former association is unigque amang dispersal modes whereas the latter
association was also shared by herbs dispersed by animal ingestion and by ants. The disuibution

of herbs dispersed by vegetative expansion may theretore be mediated to some extent by animals.

Dispersal in Time

Dormancy enables plants to germinate when conditions are tavorable and o delay germination when
they are not. Delaved germination |5 predicted to be tavorgd in taxa of open habitats since it allows
specics to avoid exposure 1o unfavorable conditions and te specialize an conditions that maximize
reproductive success {Brown and Venable 1986, Cohen and Levin 1987). Delayed germination is
predicted 1o be less favored in forest habitats, since the enhanced seed reserves that facilitate
establishment in dense shade also enable forest plants to specialize on shaded conditions and to
avoid the reduction in mean anmez! fitness that arises when dormancy constrains the numberof seeds
that can be praduced in favorable vears {Venable and Brown [988). Selection pressure for the

evolution of dormancy, thercfore. is expected o be greatest in permanently open habitats, where
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environmental quality varies more or less randomly in time, and to be intermediate in successional
habitats, where the decline in environmental quality is progressive and persistent, and whers non-
seed-bank traits increasingly should be tavored {Brown and Venable 1986). PFlants with annual tife
histoties are expected to benefit more from dormancy than plants with biennial or perennial life

histories (Rees 1993, 1994).

Approximately 20 % of the herbs recorded in this study are known to disperse in persistent soil seed
banks {Table 3.1}, In keeping with models of the evolution of dormmancy, the majority of these herbs
(92%) were species with affinities for "open” or "open-+torest” habitats. and no herbs were species
with an affinity for "forest" habitats {Table 3.9). Moareover, the number of taxa with capacity for
prolonged dormancy increased with increasing affinity for open conditions (Tabie 3.9). These
results. and current theory, suggest that in foresied habitats. dispersal in time may be restieted to
fugitive species and to sites of recent canopy disturbance. [nkeeping with this prediction. herbs with
capacity tor dormancy were significantly over-represented in the trace cover class {1-3 individuals)

and under-represented in the higher cover classes (Table 3.17).

Unexpectedly. many seed-banking herbs (52%) in this study were also capable of long-distance
dispersai (i.c.. dispersal by wind. animal ingestion or animal adhesion). Typically. models of annual
herbs in spatially and temporally variable environments predict an inverse relationship between
dormancy and dispersal, since a reduction in the variance in reproductive success by dispersal should
reduce selection pressure for the evolution of dormancy. and vice versa (e.g. Venable and Lawlor
1980. Cobhen and Levin 1987). In plants with dimorphic seeds, reproductive success is maximized
when low dispersal seeds have delayed germination and when high dispersal seeds have quick
germination (Venable and Lawlar 1980). These combinations are aiso favored in plants with
menemorphic seeds (Cohen and Levin 1987). A seed that is hoth dormant and mobile is therefore

unexpected.

The most apparent explanation for taxa with the capacity for high dispersal and hugh dormancy is
a seed polymorphism. [n this study, such a species would be classified as having "high dispersal”



based on the morphalogy of the diaspore, and. as possessing "high dormancy™ based on its
demonstrated capacity to persist in the soil for =3 years. Based on the reasoning above, one would
expect the dormani seeds to be dispersed close to the parent and the non-dormant seeds to be
dispersed remote from the parent. The reverse pattern is less tikely and has been observed only in
selected species of Brassicaceae (Venable and Lawlor 1980). In keeping with this reasoning. one
might also expect variability in the reported dormancy status of such species since their
¢classification would depend on the morph that was sampled. All but ane "high-dispersal. high-
dormancy ™ taxa in this study { Bidens frondusa hwere typically classitied as "transient” or "short-erm
persistent” in Thompson efaf. (1997). Anassessment otseed polvmorphism in these taxa. theretore,

appears warranted.

Deterministic versus Stochastic Dispersal Processes

Most seeds of most North American herbs apparently land within a few metres of the parent plant
{Portnoy and Willson 1993, Cain er e 1998. Appendix T1). Al this spatial scale. dispersal is
primarily a deterministic. non-limiting. process and paitern in the structure of herb assemblapes
should be governed primarily by factors controlling errmination. establishment and persistence. The
maximum dispersal distance achieved by North American herbs is poorly understood but is
apparently on the order of tens of metres for most herbs. and. rarely maore than a thousand metres
for seeds dispersed by the wind and animal adhesion ( Appendix | 1). Dispecsal at these spatial scales
15 [ncreasingly a stochastic process and may result in dispersal limitiation on short time scales.
Dispersal by ants and by frugivorous birds may be important exceptions since these taxa have the

potential for "directed"dispersal at these spatial scales.

When viewed from this perspective. dispersal is primanly 2 short-distance process that operates on
the scale of metres 1o tens of metres. This is the scale where dispersal has the greatest control aver
where a seed may land. and. apparently 1s the scale ar which reproductive success. on average, is
maximized. Paradoxically, it is also the scale where differences in the dispersal reach of evalved
morphologies are minimized. This is apparently true even forherbs of ephemeral habitats since most

of their seeds. on average. also land in close proximiiy to the parent (Appendix [1). However, itis
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these seeds in which dormancy is most often expressed and thus travel greater distances in time

(Flint and Palmblad 1978, Olivieri and Berger 1983, Venable and Lawlor 1980, Vanahle e ol

1993, Taken together. these tendencies imply that. on average. the fimess benefits to be derived

from long-distance dispersal are outweighed by the bene fits to be derved from "controlled” dispersal

at the micro-scale. Paradoxically. it would appear that dispersal is most successful when the

movement of seeds is most constrained.
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Principal Findings

Mast plants in the forest understory were dispersed by ammals (385 %), vegetative
expansion (35.8 %), and the wind {30.5 %%). (thers were dispersed by unassisted means
{22.00 %), prolonged dormancy in the soil (15,5 %41, multiple modes (12.3 %), or mechanical
expulsion (4.6 %), OFf those dispersed by animals. 16.9 % were dispersed by animal
ingestion. 12.8% were dispersed by animal adhesion. and 9.7% were dispersed by ants or by
sced caching.,  These patterns are broadly consistent with reported dispersal profiles tor

temperate forest habitars in the Great Lakes region and northeast United States { Table 1.1).

The proportion of taxa dispersed by a given mode was found to be sensitive 1o environmental
conditions at the micrs spatial seale. Characterization of the dispersal profile at the patch
or landseape spatial scale. therefore, may mask variation in dispersal frequencies that reflect

differences in cabsal factors.

The mode by which plants were dispersed vaned by life form. Most trees. and all ferns and
tern allies. were dispersed by the wind, whersis most shrubs and vines were dispersed by
animal ingestion. Mast grasses were dispersed by animal adhesion. Herbs were the only life
form 10 be dispersed by all modes and were dispersed primarily by vegetative expansian,

anirmal vectors or unassisied means.

The mode by which plants were dispersed afso vaned by life history. provenance. modality.

fruit type. habitat affimity. and shade tolerance. Pattern in the frequency of dispersal modes
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was also observed in relation to environmenial gradients. microhahitat. patch size and plant
cover class. Dispersal by animal ingestion and by ants was aszociated with low species
richness in 10m x 10m quadrats. whereas dispersal by animal adhesion, wind. prolonged
dormaney, mechanical expulsion. unassisied means. and multiple modes were associated

with high specics richness.

The composition of herbs in sampfed paiches has not been consirained by the modes off
dispersal employved by herbs. or at least. has not been consirained absolutely. Each mode
of dispersal was reprasented on each of the environmental gradients examined, and. with few
exceptions. in each tvpe of microhabitat. Although most modes were absent from at least one
Lm x 10m quadrat, each maode of dispersal was present in 23 of M4 surveyed patches, These
patterns suggest that at least some seeds from each tunctional group were able to reach most

patches and to germinate there.

The species compaosition of selected habitats has heen enriched by dispersal hy frugivorous
birds and mammals and by ants. The strongest evidence for directed dispersal by animal
ingestion was tound in fotmer canopy gaps and on disturbance features associated with
canapy openings (tip-up mounds_ tree pits. fogs. stumps, forest lanes and access roads), The
stronpest evidence for divected dispersal by ants was found on closed tip-up mounds and

tree-pits.

With tew exceptions, the tendency for modes of dispersai to be correlated with particular
environmental staies canpot be attributed to dispersal processes. The supporting evidence
tor this conclusion is not definitive. however. since the methodology has imited capacity

o differentiate bevween effects caused by dispersal and effects caused by germination.

establishment and persistence.

Several herbs were classilied as having the capacity for both long-distance dispersal and

dormaney. This character combination is rare in the literature and counter to current theory



regarding the evolution of dormancy. The most apparent reason for this combination is seed
heteromorphism, a property previoushy unreported for these species. Approximately 10 %
of surveyed herbs. and 21%4 of herbs with the capacity for long-distance dispersal. possessed

the trats of interest.

[f most seeds of most herbs land within a few metres of the maternal plant. then dispersal is
primarily a non-limiting. deterministic. process and pattern in established herb assemblages

should be due primarily to differential germination. establishment. and persistence.

Evolved dispersal morpholopies. howaver. enable at least some propagules 1o travel metres
to hundreds of metres from the maternal plant. on shott time scales, At this spadial and
temporal scale. dispersal is increasingly a stochastic process and the struciure of established
herb assemblages may be mediated by the number and spanal distribution of dispersing
seeds. Opportunities to detect change based on properties of the established vegetation are
limited, howsaver. since only rarely can the contribution of dispersal be ditferentiated rom

the cttects of germination, establishment and persistence,
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4.0 PATTERNS OF SPECIES RICHNESS

4.1 Introduction

The paradox posed by the apparent coexistence of many species in the same environment has
attracted attention for more than a century. According to the competitive exclusion principlz. two
similar species cannot coexist indefinitely on a single limiting resource in a uniform environment
{Girinnell 1904, Voiterra 1926, Gause 1934). Under such conditions. one species should eventually
exclude the other and the assemblage should be reduced to a single species (Hutchinson 1937, 1939,

1961 Hardin 19603 How is it then, that se many nawral habuats are species rich?

Chne productive approach to this question has been 1o examine the assumptions of the exclusion
pninciple: what hapeens it species are not "similar”. if interactions do not proceed to equilibnium.
it there is more than one limiting resource. ar. if the environment is not spatially and wemporally
urntorm. This research effort has generated 2 vast literature and many altemative explanations
(Connell 1978, Huston 1979, Pickent 1980, Sousa 984, Petraitis ¢r af. 1989, Hart and Horwitz 1991,
Tilman and Pacala 1993, Ricklefs and Schluter 1993, Huston 1994, Palmer 1994, Heywood 1993,

Grace 1999, A selected review of the principal themes tollows.

Limiting Similarity: The Lotka-Volterra model of interspecific competition predicts the stable
coexistence of species when compeiition between species is less significant than competition within
species. {ne way this may be achieved is through niche ditferentiation. [f competitors were ta difter
i their requirements for a limiting resource, ot, were 1o consume that resource at a different ime
or in a differert piace. then the effects of competition would be concentrated more within than

between spocies and coexistence would be favored (Begon e afl 1990).

The apparent necessity far coexisting species to possess distinet ecologies has been demonstrated
in mathematical medels in both uform and variable environments {e.g. MacArthur and Levins
1967, May 1973, Chesson and Warmer 1981. Pacala and Tiiman 1994}, An imponant prerequisite
for coexistence is that populations be able to expand when rare. If individuals of different species

in a competing assemblage were indistinguishable. then the competition experienced by individuals
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would depend solely on the total demsity of individuals in the assemblage. Under these
circurnstances, mdividuals of rare species experience no less competition than individuals of
abundant species. And, stnce individuals possess the same capacity to reproduce and disperse. and
propagules have the same response to differences in environmental quality. each species has the
same chance of recruiting offspring into the population. Under these circumstances. it is not
apparent how populatiens recaver from flucteations that take them to low density, and thus, how the

criterion for coexistence may be satisfied (Chesson 19911,

There would appear to be some limit. therefore. to the similarity in the way in which species in a
competitive assemblage may use, and respond o differences in. available resources. That limit is

15 now expected fo be both environment and species assemblage specific (Abrams 19831

The niche ditferentiation hypothesis may constitute a necessary. but rot sufficient. exptanation of
species richness. however, owing to the degree of resource partitioning that is implied for a species
rich assemblage (Connell 1978. Silvertown and Law 1987). [n spite of the apparent utility of
concepts such as the regeneratian niche (Grubb 1977, 1986), and the resource ratio hypothesis
(Tiiman 1982, 1988}, a major difficulty in applied studies has been to identify the important resource
axes that may permit coexistence at the local scale (Silvertown and Doust 1993, Tilman 1993.

Hooper and Vitousek 1997, Busing and White [997).

Non-Equilibrium Conditions: An imporant limitation of hiypotheses that seek to expiain species
coexistence under equilibriur conditions is that assemblages are embedded in environments that are
subject to more or less continuous change. [na variable environment, species densities are expected
to fluctuate over time, rather than stabilize. inresponse to pateh dynamices {Watt 1947, Oliver 1981,
Pickett and White 1983) and to periodic disturbance (Conneil 1978, Pickert 1980. Sousa 1984.
Petraitis ¢f af.193%). Under non-equilibrium conditions. community recovery from such processes
is expected to be incomplete, owing to priority effects (Yodzs 1978, 1986), differences in the
assembly sequence arising from chance colonization events (Drake 1991. Fastie 1993). and time

lags in plant response (Davis 1981, 1986).
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Hypotheses that account for spatial and temporal variability in the environment have proposed three
general ways in which vartability may tacilitate species cocuastence on ecological time scales: {) by
slowing down the rate of competitive exclusion {e.g. Hutchinson 1941. Levin and Paine 1974,
Connell 1978, Huston 1979, Shmida and Ellner 19844 11} by reversing the order of competitive
superiority among species (2.g. Hutchinson 1961, Chesson 1983, Pacala 1987); and. iii) by aleering
the availability of limiting resources {e.g. Tilman 1982, 1988). These processes are not mutually
gxclusive and may differentialiy apply in given circumstances {Warner and Chesson 1985), The first
process emphasizes the conservation of existing species, whereas the latter processes emphasize how

populations and diversity may inctease (Chesson and Case 1986},

Aqn important property of the slow dynamies hypothesis is that disturbance interrupts and sets back
the process of competitive exclusion. by removing the competitive dominants and releasing
reseurees for established species. This prevents competitive dominants from menopalizing available
resources and promotes species coexistence by defaving the exclusion of inferior competitors.
Factors expected to promote slow dynamics tnelude: 13 long life spans: ii) small differences in
competitive strength; i) highly aggregated or ¢lumped distnbutions; iv) a surplus ot suitable
microsites; v) widely separated microsites: vi) intermittent competition: vii} slow growth rates; and,
viti) intermediate rates of disturbance (Shmida and Ellter 1984, Huston 1979, Connell [978).
Related theories based primarily on small ditferences in competitive streneth include the slow
dvnarnics model of Hitbbell and Fostat (1986), and, the ¢cological and competitive combining ability

model of Aarssen (1983

Patterns and processes of diversity explained by this mechanism include: gap phase dynamues { Watt
1947, Oliver 1981. Pickett and White 1983): the initial floristic composition model of secondary
succession {Egler 1954); species coexistence in the presence of keystone predators (Paine 1966,
1974); and, the displacement of charactenstic species and assemblages in the absence of fire (Varga
1989, Krugerand Reich 1997), fluctuating water levels| Keddy and Reznicek 1982, 1988). hethbivory
(Whimey 1984, Grubb 1986). and land-use management (Gimingham 1972, Hetl and Bruggink
1987).
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An important property of the reversal in competitive rankings hypothesis 15 that a variable
environment provides some place or time where competitors may perform poorly or not survive, and,
where populations of low abundant species may expand. It 15 the latter process that distinguishes
this explanarion from the others and that provides the basis for the coexistence { Wamer and Chesson
1983, Chesson 1986). Factors expecled to promote reversals in competitive superiority incompeting
plant assemblages include: 1) juvenile morality rates that are sensitive to environmental conditions;
11} reproduetive rates that are sensitive to environmental conditions: iii) adult survival rates that are
insensitive to environmental conditions. iv) overlapping eenerations: v) teropanty; and., ¥i} random

dispersal (Chessan 1985, 19846; Pacala 1987).

[n this analvticai setting. species in strong competition may depress cach other’'s recruitment rates,
Mevertheless. each species may siill be able to show positive averaga growth rates provided that it
has periods when it is able to recruit well. In a variable enviconment. emporary reversals in the
competitive advantage of species make this increasingly likely owing to the sensitivity of both
juveniles and reproductive rates to changes in environmental conditions. This should lead in the
strong recruitment of different species at different times. or indifferent places. and reverse the wrend
towards competitive exclusion for all species. Overlapping generations promote coexistence in this
setting by ensuring that demographic gains made during favorable periods are "stored" in the
surviving offspring and contribute to reproduction when favorable conditions return { Warner and
Chesson 1985, Chesson 1985). Dispersal facilitates the reversal in competitive rankings through the

randomization of neighbors in competing plant assernblages (Pacala 19373,

An important property ot the resource availability hypothesis is that species utilize different portions
of available habitats. or. differ in the range of habitats wherein they have a competitive advantage
ower other specigs, owing 19 differences in plant requirements and the differential availability of
limiting resources (Whittaker 1965, Grimme 1973, 1979; Tilman 1982. 1988: Comins and Noble
|985; Bazzaz 1991). Ir these models, coexistence is achieved primarily through the spatial
segregation of competitors in a mosaic of suitable habitats. The C-5-R model of competition
(Grime 1973, 1979) and the resource ratio hypothesis { Tilman 1932, 1988) emphasize competitive

interactions among esiablished plants. whereas, the lottery model of competition (Sale 1977,
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Chesson and Warner 1981, Comins and Noble 1083) emphasizes the recruitment phase and the
competition for suitable sitcs for establishment. Periodic disturbance Facilitates coexistence and
enriches local diversity by increasing spatial heterogeneity in the availability of Imiting resources.
[n these models. the important consequence of disturbance is the change in the relative supply of

limiting resources for which competition occurs. Competition s not so much interrupted as

redirected.

Patterns explained by the differential availability of limiting resources include: the paradox of
enrichment (Rosenzweig 1971, Al-Mufti erof. 1977, Tilman [932, Wisheu and Keddy 1989, Abrains
1995) the facilitation model of plant succession (Connell and Slayter 1977, Finegan 1984)
regeneration from persistent seed pools (Thompson erof. |998). persistent seedlings, and serotinous
cones: and. the ditferential composition and nchness of plant assembliapes along pradients of
moisture (Spies and Barmes 1983, Caspersen ef af 1999). nutrients { Whitney 1991, Diekmann and
Falkengren-Grerup 1998, Hutchinson ef ¢ 1999, light [ Thomas er af. 1999}, and geomorpholey
(Pastor et af. 1984, Host and Pregitzer {992, Reich et of 1997,

Dispersal: The importance of envirenmenial heteropeneity and periodic disturbance w species
coexistence has awakened interest in the potential contribution of dispersal to the spatial and
temporal segregation of competing species. Whereas the former segregates competitors by creating
conditions locally suitable 1o different species. the kuler may segregale competitors by chance
dispersal to empty sites followed by population expansion of the favored species. Current models
suggest that segregation by dispersal may arisc at two spatial scales:  the micro-scale of the
eompeling plant assernblage {Atkinson and Shomocks 1981, Shmida and Ellner 1984, [ves and May
1483, Pacala 1986, Geritz ef o 1988). and. the scale at which environmental hetcroveneity enables
¢ach specizs to compete for establishment sites {Comins and Noble 1985, Pacala and Tilman 1994,
Lavarel er af, 1994, Lavore] and Chesson 1995, Hurtt and Pacala 1993, Holmes and Wilson 1998,
Bolker and Pacala 1999, Lareau and Mouquet 1399).

Rather than interact with a number of individuals in a plant assemblage. and thereby expenence the

average density of the population at large. plants interact primarily with individuals that lie within
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a crown or oot diameter {Harper 1977, Pacala and Siiander 1983, Venable and Brown 1993}, [nthe
forest understory. this means that the distance over which most plants competitively imeract is on
the order of decimetres to metres {Pacala and Silander 1987}, When the dispersal distance of plants
is short. siblings tend to aggregate imto monospecitic clumps and competing species become
segregated spatially. Under these circumstances. individuals tend ta compete more with their own
kind than with others and thus create the conditions for coexistence {Atkinson and Shorrocks 1981,
Shmida and Ellner 1984, [ves and May 1985, Pacaia 1986, 1987). An interesting property of these
models is that the spatia] heterogeneity required for coexistence is generated by the plants

themselves.

When the dispersal distanee extends bevond the immediate vicinity of the maternzl plant. adeclining
umber of conspecific seeds land in elese proximity to one another and an increasing nurnber ot
seeds land in environments that are less favorable than the home patch. These processes confera
competitive advantage to established plant assemblages by limiting the number of seeds from
neighboring patches and by limiting the capacity of invading seeds to form aggregations of their own
kind. These dynamics are expected to favor coexistence by enabling each species to be dominant
in site establishment at some time or place {Shmida and Ellner 1984, Comuins and Noble 1985,

Loreau and Mougquet 1999).

The stechastic arrival of a diminishing number of seeds is expecied to facilitate this process by
randomizing the composition of neighbors in competing plant assemblages and by leaving acertain
proportion of sites vacant for colonization { Pacala 1986, Geritz ef o, 1988. Clark ¢f of. 1998, Ehrlett
and Eriksson 2000). The former process increases the likelihood that seeds germinate next to weaker
competitars, of to stronger competitors weakened by a less tavorable setting, whereas the latter
process enables inferior competitors to win favorable sites in the absence of more dorninant but

recrizitment limited competitors (Hurtt and Pacala 19931,
The degree to which long-distance dispersal is required for the persistence of competitively inferior
species remains controversial. Recent modeling studies suggest that a long dispersal reach, per se,

1s not as important as regeneration niche, fecundity. disturbance, storage effects, and the spatial
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pattern of suitable sttes (Lavorel er af 1594, Lavore] and Chesson 19935, Holmes and Wilson 1998,
Bolker and Pacala 1999} [n general, dispersal bevond the immediate vicinity of the maternai plant
is favored whenever the distribution of the superior competitor is strongly clustered and the invading
specics 1s able to establish in the intervening gaps. The required dispersal distance to achieve this
need not be great if both species are resident in the same habitat. Short distance dispersal is
apparently favered in aif other situations. owing to the competitive advantage that accrues when
offspring are clustered and close ta hand {Holmes and Wilson 1998, Bolker and Pacala 1999), With
spatial segregation and environmental heterogeneity, these studies suggest that a mixed strategs

which strungly favors short distance dispersal may ottor the greatest returm in most habitats.

Local versus Regional Pracesses: The assumption that the diversity of species in a given setting
can be explained solely by properties of the loval environment. and by interactions among resident
species. has come under increasing scrutiny in recent vears {e.g.. MacArthur and Wilson 1967,
Ricklefs 1987. Taylorer al 1990, Comell and Lawton 1992, Ricklefs and Schluter 1993, Calev and
Schluter 1997, Cornell and Karlson 1997, Zobel 1997, Loreau and Moagquet 1999, Examination
of processes that operate at larger spatial and temporal scales has revealed that the composition and
richness af local assemblages may be influenced by historical processes such as time lags in plant
response to climate change (Davis 198 la. [986). alternative sequences of cammunity development
arising from chance colomzaaon events (Drake 1991, Fastie 1993}, establishment opportunities:
constrainis arising from past disturbanee (Marzkin e of 1996, Abrams and Orwig 1996, extirpation
by herbivory { Whitney 1984) or pathopens{ Davis 1981b1. and. by spatial processes such as dispersal
(Holt 1993) and the scale of heterogeneity in the local environment (McLaughlin and Roughgarden
19937,

Recent studiss investigating the rclationship between local and regional specics diversity have
argued that the principal direction of contrel should be from regional to local {Cornell and
Lawton 1992, Eriksson 1993, Partel er af 1996, Caley and Schluter 1997, Karlson and Comell 1598).
The principal reason for this is that in a variable eavironment biological interactions may not be
sutficient to limit the number of species in the local assemblage. In the presence of dispersal. the
richness of the local assemblage should reflect the number of species in the surrounding region that
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are capable of establishing there. Empirical evidence from plant communities has been reported by

Keddy 1981, Partel ef ol 1996, Ttiman 1997, Duncan ef af. 1998, and Ehrlen and Eriksson 2000).

An alternative explanation for the positive comelation between local and repionai richness observed
in these studies is that the composition of plant assemblages is in fact constrained by local processes
and that limits to regional richness are sel by the number of distinet habitats, each supporting a
saturaied assemblage (Comell and Lawton 1992). [n the presence of mipration, ditferences in the
richness of local assemblages should reflect propertics of the local enviranment rather than the

number of species in the sumounding region.

Summary: Niche differentiation. competitive exclusion. slow dynamics. weak competitive
interactions, differential resource availability, short-distance dispersal, recruitment limitation. and
the consequences of pericdic and chance events. are prominent clements in the vast number of
individual hypotheses that have been advanced to explain observed differences tn the composition
and richness of plant assemblages. Ina spatiaily and wemporally variable environment, however. the
synthesis for which we strive may well be pattern and scale dependene. [f so. then a useful way
forward is to clarify which of the alternative mechanisms apply to the pattern at hand and to what

exient.

Study Objectives: The objectives of this chapter are the foilowing: i) to identify the environmental
variables that best explain observed difterences in species richness in 10m x 10m quadrats: ii) 1o
identify the plant auributes that best explain observed differences in species richness in 10m x 10m
quadrats: and, iii) to compare the degree to which environmental and plant attributes explain

observed differences in species richness in the understory of sampled forest patches.

42  Methods
4.2.1 Environmental Carrelates of Speries Richness

Environmental correlates of species richness were assessed in relation to edaphic. forest stand

structure, human disturbance, environmental heterogeneity. and landscape, variables. Methods



related o the idencification and evaluatonof environmental correlates are presented in the following

TECTIONS.

4.2.1.1Generalized Linear Regression Models

Analysis #1: Environmental correlates of species richness in 10m x 1)m quadrats were identified
by simple linear regression. The narmality of residuals was evaluated by the Shapiro- Witk W test
{SAS Institute [n¢. 1997): environmental and response variables were transtormed (square root. [n.
[ogith where necessary to achieve. and/or maximize. normality. Pair-wise interactions among
environmental variables were evaluated and all sigmificant interactions {(p<0.05) recorded. Analvses

were performed in JMP, Version 3.2.2., SAS [nsiitute.

Alrernative combinaions of variables that maximally explained the variance in observed species
richiness were identified through gencralized linear tegression (GLM) models that were fit manually
by forward and backward selection. Separate models were fit for edaphic. torest stand structure.
human disturbance. envirenmental heterogeneity. and. landscape, variables. Summary models were
also developed to identify an overall set of environmental variables that maximally explained
observed differences in species nchness. Candidate models were evaluated in retation to Mallow's
Cp statistic {Neter er of, 1996, Ryvan 1997, Hocking 1996, Mathsoft [nc. 1998) to ensure that only the
most parsimanious meaodefs were retained for turther analvsis. Only significant. non-interacting, terms

were retained in each model.

A "Best Model” was identified for each set of variables. based on the amount of expiained variance
(r adjusted statistic). Alternative models were retained tor further analysis in cases where the next
best model represented a better fit in refation to the Shapiro-Wilk W test. or. where an entirely

different set of variables explained virtually the same amount of vafance.
The results of this analvsis are presented in Table 4.1, Scatter plots of important correlates of species

richness are presented in Figures 4.1, 4.2, 4.3, 4.4, Mean species richness for cateporteal variables

is presented in Table 4.2
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4.2.1.2 Contribution of Forest Stand Streciure

Analysis #1: The contribution of stand structure to species richness (Tabie 4.1) was examined
further to clarify the cause and effect relationshup among selected variables. Of particular interest
was the degree w0 which "onumber of teee species”. and. "number of live stems 0-4 cm dbh", were
causal mechanisms of species richness. Non-parametric correlations {Spearman’ s Rho) with selected
stand structure variables, soil moisture, available calcium. and human disturbance. were compuizd

with a view te identitying more proximate correlates ol available moisture, nutrients and light on

the forest floor.

Variables included in this analysis were: spacies richnuess: percent live tree stems Acer xaccharum:
percent live tree slems wet-mesic. of wel. tree spocies (Abies balsamed. Acer negundn, Acer
saccharinum, Froxinus nigra. Fraxinns pennsylvanica. Populius bulsamifera, Thuja occidentalis,
Ulmus occidentalisy. percent live tree stems shade intolerant or very shade intolerant tree species
{Acer negundo, Acer saccharinum, Betula papyrifera. Populus halsamifera. Popuius grandidentona,
Papulus tremudoides. Robinfa psewdodceucia): percent canopy closure: soil moisture class {1 =
seasanally drv depressions., ! = ssasonally moist or wet depressions: available calcium (emols’kg):
and, human disturbance {1 = no dislurbance apparent in quadrat, 2 = tils, canopy gaps dug to

logging. or. regenerating fields. present in quadrat).

Trees associated with wet-mesic or wet soils were identified with reference to Oldharn ef of. (1996,
Mayeock (1963), and, Nimerfro and Brand {1993). Trees classified as obligale or tacultative
wetland species (wetland atfinity rating = -1, -2. -3, -4, ar -3){Oldham ¢r af. 1996} were chosen as
representative indicators of wet-mesic or wet soils in this study. Trees that achieved their maxumum
average importance value in scuthern Ontario on wet-mesic soils {Mayeock {1963} were tvpicalty
rated as "facultative" or "facultative upland” species by Oldham er ¢f (1996). when abundan: an
other soils, and were not used as indicators in this study {Betwle papyrifera. Carpinus carofiniuna.
Carya cordiformis, Fravinus americana, Tilia americona. Quercus macrvcarpa). Shade intolerant.
and very shade intolerant. trees were identified with referenee wo Baker {1949, Bames and Wagner

{19%1) and Oldham ¢¢ o, {1996). The shade tolerance ratings of Barnes and Wagner (1981) were



adopted for Acer negundo, Acer saccharinum (owing to uncertainties in the Baker's ratings) and
Prunus serotina (owing to its relative shade tolerance when young): the shade tolerance ratings of

Baker {1949) were used for all other species.

4.2.1.3 Contribution of Soil Fertility

Analysis #1: The interaction between available calcium and sugar mapie abundance { Table 4. 1) was
investigated further to clarify the contribution of soil tentility to observed differences in species
richness. This analysis was restricted to undisturbed forest stands on Brunisolic and Luvisolic soils.
overlying calcareous till. in order to standardize samples with respeet to soil parent material., soil
moisture and recent site disturbance. Soils with free calcium carbonare in the upper 15 cm of the
soil profile (positive reaction to 0.1 N HCI) were excluded from this analysis in order to standardize
samples with respect to exchangeable calcium (see contrasting treatment in Analysis 23, This
analysis was further restricted to quadrats with cover tvpe 2 (sugar maple + red or white oak) and
cover type 3 (sugar maple. no red or white cak. no wet-mesic. wet. trees) in order to standardize

samples with respect to forest cover. IN = 2% 10m x10m quadrats in 7 forest patches,

The contribution of available caleium to species richness, and to sugar maple abundance (% stems
=1 m deer saccharum, # stems >1m Acer saccharum). was evaluated by simple linear regression.
Analyses were performed in JMP, Version 3.2.2.. SAS Institute. The results of this analvsis are

presented in Figure 4.3,

Analysis #2: The interaction between available calcium and sugar maple abundance was re-
exarmingd in undisturbed forest stands on Brunisolic soils in order to standardize samples for soil
parent material (caicareous till), soil order (Orthic Melanic Brunisol) and soil series {Otwonabee
leam}. The analysis was restricted to quadrats with cover type 2 (sugar maple + red or white oak)
and cover type 3 (sugar maple, no red or white oak. no wet-mesic, wet, trees) in order to standardize

samples with respect to forest cover. These stands (N = |7 quadrats in 3 forest patches) provided
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the most uniform subset of samples in which to assess the response of sugar maple o differsnces in

avaifable caleiam.

The contribution af avatlable calcium to species richness. and to sugar maple abundance. was
evaluated by simple linear regression. Analyses were performed in JMP. Verston 3.2.2., SAS

Institute, The results of this analysis are presented in Figure 4.6,

Analysis #3%: Stand history. edaphic variables. and available light. were examined further to
detertnine whether one or more of these factors may have contributed to observed differences in
species richness. or sugar maple abundance. in stands evaluated in Analysis #1.  Indicators of
potential differences in stand history were: stand structure (% stems in 0-4 cm dbh. 4-10 cm dbh. 10-
30 cm dbh. and =30 cm dbh. size ¢lass); % live sterns shade intelerant, very shade intolerant. trees;
and. Ya canopy closure. Indicators of potential differznces in soil properties were: available caleium.
s0il pH,qe~ and % soil organic matter, Indicators of potenual ditferences tn available light were: %
canopy closure; %o taxa shade tolerant herbs (Mimerfro and Brand light rating 1. 2: Ellenberg light
rating 1,2,3.4}; and. % taxa shade inwolerant herbs (Nimerfro and Brand light rating 4.5: Ellenberg

light rating 6.7.8.9).

Ditferences among soil orders were evaluated by Wilcoxon rank sum tests. Analyses were performed
in JMP. Version 3.2.2.. SAS I[nstitute. The results of this analysis are presented in Figures 4.7, 4,8,
and 4.9.

4.2.1.4 Contribution of Patch Isolation and Pateh Size

Analysis #1: The contribution of patch isolation and patch size 1o species richness was evalualed
by simple and multiple linear regression. The independent contribution of patch isolustion and patch
3iZ¢ o species Nchness was evaluated by testing their interaction with edaphic. stand structure. and
human dismrbance variables. A significant interaction with one or more variables was taken as

evidence that patch isolation, or patch size. per se. did not coninbote to species richness.
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presented in Table 4.1.

£.2.1.5 Contribution of Microhabitats

Analysis #1: The contribution of mucrohabitats to species richness was evaluated at the quadrat.
foresi patch. and landscape spatial scale. The objective wasto determine the degree to whicha given
microhabitat contained species that did not oceur clsewhere in the reference area. Chserved
differences in species richness [“total # species in quadrat ot patch” versus "total & species in quadrat
or patch - # species unique o microhabitat"] were evaluated by paired -test, when the distribunon
of difterences was normal. and by Wilcoxon signed rank sum test. otherwise. A minium number of
six elements was required for the latter analysis ( Sokal and Rohlf 1993 p dd4). Quadrats or patches

that contained only one microhabitat were excloded from the analyais.

Analvses were performed in JMP. Version 3.2.2.. SAS Instituee. The results of this analysis are

presented in Tables 4.4, 4.5 and 4.6

Analysis #2: The proportion of the study area occupied by habitats of contrasting moisture and
canopy closure states was determined in order to evaluate the contribution of sampled area o the

relative importance of moisture and light in medels of species richness.
The resuits of this analysis are presented in Table 4.7,

4.2.2  Plant Trait Correlates of Species Richness

Plant trait correlates of species richness were assessed in relation to mode of dispersal. life history,
provenance, life form. habitat affinity. shade tolerance. and moisture affinity. Methods related to

the identification and evaluation of plant trait correlates arg presented in the tollowing analysis.

Analysis #1. Plant trait correlates of species richness in 10m x 10m guadrats wete identified by

simple linear regression. The normality ofresiduals was evaluated by the Shapiro-Wilk W iest{SA3



Institute Inc. 1997}; plant trait and response variables were transformed {square root. In. logit) where
necessary o achieve. and/or maximize, normality. Pair-wise interactions among plant trait variables
were evaluated and all sigmificant interactions {p<0.03) noted. Analyses were performed in JMP.

Version 3.2.2 .. 5A5 Institute.

Altemative combinations of variables that maximally expiained the variance in observed species
richness were identified through generalized linear regression {GLM) madels that were fit manuaily
by forward and backward selection. Separate models were fit for mode of dispersal. life history,
provenance, life form, habitat aftinity, shade tolerance. and moisture tolerance. variables, Summary
models were also developed to identify an overall set of plant traits that maximally explained
ohserved ditferences in species richness. Candidate models were evaluated in refation 1o Mallow’s
Cp stanistic {WNeter et af. 1996, Ryan 1997, Hocking 1996, Mathsoft [nc. 1998) to ensure that only
the most parsimonious maodels were retained for further analysis. Only significant. non-interacting.

terms were retained in each model.

A "Best Model" was identified for each set of vanables. based on the amount of explatned vanance
{t" adjusted} and normality of residuals. An additional model was identified for modes of dispersal

to permii & comparisen among life forms.

The results of this analysis are presented in Table 4.8, Scacter plots of selected dispersal correlates

of species richness are presented in Figures 4. 10 and 4.i 1.

4.2.3 Comparison of Alternative Models of Species Richness

Analysis #1: Alternative models of species richness, composed of environmentat variables, dispersat
variables, and both environmental and dispersal vanables, were compared within and among
Functional groupings. in relation to four statistical properties: F-statistic, r'adjusted value. mean
square error, and. normality of residuals {Shapiro-Witk W test). [nteractions among explanatory
variables prevented the use of a single evaluarion criterion, such as Mallow™s Cp statistic or the

PRESS, statistic (Neter er 2l 1996). to identify an overall best model. Models with a high p<W
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value and a low mean square error were considered superior to models with a low p<W value and
a high mean square error. Superior models with a higher radjusted value were considered to be
mote informative than superior models with a lower radjusied value, Models that could not
otherwise be differentiated were considered to be comparable models for the purpose of explaining

observed differences in species richness.

(ne outlier, quadrat #160, was removed from each model ({Cooke’s D stanistic = 0.226). Species
richness in this quadrat was sharply reduced by seasonal standing water that covered more than 85%
of the torest floor during the spring and summer survey. resuiting in a strongly outlying data point

in models with dispersal variables.

Anaivses were performed in IMP. Version 322 5AS Institute. The results of the analvsis are

summarized in Tables +. 9 and 4.11.

Anaiysis #2: A graphical method (personal communication. Dr. Roger Hansell. [nstimte tor
Environmental Studies. University of Taronto) was subsequently employed ta reveal the degree 10
which alternative models explained similar or dissimilar portions of sample space. Explanatory
varizbles for each regression model were submitted to detrended correspondence analysis (DCA)
(ter Braak 1987}, and, the resulting "species" scores used to construct 2 polygon inordination space.
The ordination space enclosed by each polygon was interpreted to represent the partion of sample
space maximaily explained by each model. Repression models that overlapped in ordination spacec

were considered less distinetive than madels that did not.

The detrended correspondence analysis was performed in CANOQC Q. Version J. 12 (ter Braak 1991).
The polvgons were constructed in 5-Plus, Version 4.5 (Mathsoft [nc. 1998} Representative resulis
are prescnted in Figures 4.12 and 4.13. Summaries are presented in Tables 4.[0 and 4.11.

+4.2.4 Contribution of Phylogeny

Analysis #1: The contribution of phylogeny to explanations of variance 1n species richness (Table
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4 8} was evaluated indirect]y by refitting the regression models at more inclusive taxonomic ranks,
Detection ol a significant pair-wise interaction between terms was taken as indirect evidence of a

phylogenetic contribution 1o observed differences in species nchness.

The responsc variable in a given regression model was the number of specics, genera. families. or
orders, in a given 10m x 10tn quadrat. The predictor variable for a plant trajt was the aumber of

species. genera. tamilies. or orders with the trait of interest in a given 10m x 10m quadrat.

Analyvses were performed in JMP. Version 3.2.2.0 SAS [nstitute. The results are summarized in
Table 4.12.

Analysis #2: The contribution of phylogeny to obsered interactions among selected variables at
more inclusive taxonomic ranks was examined further by determining the loss of degrees of treedom
associated with evaluating selected plant traits at more inclusive ranks. The traits addrassed in this

analysis were maisture affintty. shade tolerance. and mode of dispersal.

Analyses were performed in JMP, Version 3.2.2. 5AS Institute. The results are summarized in
Table 4,13,

43  Results
431 Environmental Correlates of Species Richness
4.3.1.1 Generalized Linear Regression Models

Environmental correlates of species richness in 10m x 10m quadrats are reported in Table 4.1 in
relation to the following groupings: edaphic variables. forest stand structure. human disturbance,
environmental heterogeneity, landscape variables, and. overall model. Scatter plots of the maost
influential variables are presented in Figures 4.1. 4.2, 4.3, and 4.4; the mean species fchness of

categorical variahles is presented in Table 4.2,
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Figure 4.1, Scatter plots of selected correlaies of species richness in 10m x 10m quadrats 1.
Legend: SPM = soil parent material: GF = glacio-fluvial. CT = calcareous till, L = lacusirine.
CO = caicareous tll; 30 = sot] order: G = gleysol, B = brunisol. GL = gleyed juvisol. GB =
gleyed luvisol: MOIST = soil moisture: SD = seasonally dry depressions. $M = seasonally
moist depressions, SW = seasonally wet depressions: pH = soil pH,., upper 135 cm soil profile.
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Figure 4.2. Scarter plots of selected corrglates of species richness in 10m x 10m quadrats [{.
Legend: CT = forest cover type: | = sugar maple + red. white oak: 2 = sugar maple. no oak. no
wet-mesic or wet species: 3 = sugar maple + wet-mesic or wel species. 4 = oak, no sugar maple
{1 quadrat), 3 =wet-mesic or wet species, no sugar maple, no cak: %CC =% canopy closure:
#TSPECIES = ¥ tree species (lm); #Tstms0-dem = # tree stems (-4 ¢m dbh.

1



10 r %stmsACERSACC 0 J %astmsl-4dcmASACC
] | ]
* .
iy i 10 i L
s 1 ]
T L E Bt .
i . . =y » »
3 £, # &_1} LY R
T & hy by w grt T o Y YR LI I
v % I DL » &3 T ty v |
" W :‘I'I“ + 0f = ﬁ" " e * "..
ol § l,l- IR R T VL AR A L !
‘. .. 4y '.. ".'. * '-l.." . k:l |
th Jw .l-:':.l:ﬁ 5" I SR T Y w Tep My
o, . ) II: . * ' I :
0! 9- '
H X a0 & B 1O a | 2P0 &) g 1w
0| %strsd-10ASACT ‘ - %stms10-30cmASACE .
: ’ . :
Tm: L) 1m T i
& I Y I ! i
u ) - IL
2 a 3 ;
o E]'!.-.:"'i'ull B ® W LI B o
Wl * ] ' [ “ . I [ip] . 1 . 1 1 l
E™ . , 8 . ": g i \ |l. ]
ol 15 ik e Q0 TR N
'I|’ i : F e I L "y e [
't . Ao ' LT DL
a0, ' " H LA i a v [
0! - 0
! D 40 d & 10 a A 40 8 & 1

Figure 4.3. Scatter plots of selected correlates of species richness in {0m x 10m quadrats [IL
Legend: %stmsACERSACC =% live tree stms (> 1 m} in 10m x 10m quadrat 4cer sacchu-
rum, Yostins0-4emASACC = % live treg stems 04 em dibh in [0m x 10m quadrat Acer sec-
charum; Yestms4-[DemASACC =% live tree stems 4-10 cm dbh in 10m x 10 quadeat Acer
saccharum; Y%stms10-30cmASACC = % live tree stems 10-30 cm dbh in [0m x 10m quadrat
Acer saccharum.
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Figure 4.4, Scatter plots of selected correlates of species richness in 10m x 10m guadrats [V.
Legend: DISTLU/REB = disturbance absent/present (open or closed irails, canopy zaps, regenet-
ating fields); OMHABS = open microhabitars absent/present {cut or snag canapy paps, trails,
regencrating fields. seeps. riparian meadow. riparian thicket, riparan marsh)y; FCOVER = %
forest cover within a 3km x 3km square. centered on study site; PA = patch area (ha).



Table 4.2. Species richness {1 0m x 1 Om quadrats) of soil parent materials, soil orders. soit
moisture classes, forest cover types. and disturbance classes. Wilcoxon rank sum tests. by
attribute: ** p<0.01. **** p<0.0001. Highest mean value in asteibute proup in bold.

Attobute # (Quadrats # Species Mean #
Study Area qpectes

1. SOIL PARENT MATERIAL™™
glacio-fluvial 40 11& 278
calcaraous til] 104 334 4.6
lacustrine 8 04 48.3
caleareous outwash A4 30T 35.2
2. SOIL ORDER™
brunisol Tt 280 6.0
gleved brunisol 26 253 67,0
luvisol 37 338 iba
gleved luvisol il 198 476
gieysol ) 92 340
3. SOIL MOISTURE CLASS™™
seasonally dry depressions [18 337 3.8
seasonzlly motst depressians 42 241 532
seasonally wet depressions iz [ 59 56.2
4. FOREST COVER TYPE™™
red oak. no sugar maple ! 57 37
sugar maple — red oak 34 158 336
sugar tnapia T4 103 364
sugar maple + wel-mesic/wet 30 187 349
wet-mesic -+ wet, 10 sugar maple 13 333 63.9
3. DISTURBANCE CLASS™
human disturbance present {closed or open 6l 345 9.2
canapy gaps, lanes, regenerating felds)
human disturbance absent L3t 353 392
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i) Edaphic Variables

Edaphic vanables that maximally explained observed differences in species richness in tm x 10m
quadrats were soil order (r'adj.=(1.233), soil moisture (radj.=0247}, and soil paremt material
froad].=0.220%(Tahla 4.1}, Significant. but less informative variables. were soil pH,.,.(rad] =0.140).
and. in % seil organic matter (radj.=0.032}. Available calcium {(free calcium carbonate -
exchangeable calcium) was a significant but weak predictor of overall species richness

(Padj.=0.026),

Quadrats on caleareous ourwash parent materials {mean richness = 33.2 species) were approximately
twice as nich in species as quadrots on glacio-tluvial parent matetials (mean richness = 27.8 species)
{Table 4.2). Quadrats on lacustrine parent materials (mean richness = {85 species) were more
speeies rich than quadrats on calearcous till imean richness — 42.6 species). The latter contrass,

however. was not significant (Tukey-Kramer HSD test).

Quadrais on gleyed Brunisolic soils (mean richness = 67.0 species) were mare species rich than
quadrats on gleved Luvisolic soils (mean nchness = 47.6 species). and far more species rich than
quadrars on Brunisolic soils (mean richness = 36.6 species). Luvisolic soiis {mean richness = 56.6

species). or Gleysolic soils {mean richness = 34.0 species) (Table 4.2).

Quadrats with seasonally moist depressions {mean richness = 36.2 species) were marginally more
species rich than quadrats with seasonally wet depressions (mean richness = 33.7 species). and
significantly more species rich than guadrats with seasonally dry depressions {mean richness = 3.3

species) Table 4.2} Tukey-Kramer HSD test).

Species richness was positively correlated with percent soil organic matter. soil pH. and available

calciurmn.

Soil moislure and soil parent material collectively explained 35.6% of the variance 1 species

richness in 10m x i0m quadrats (Table 4.1).
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Pair-wise interactions among edaphic variables (superscript 2-6}. and with stand structure variables
{superscnpt 10-21), were common (Table 4.13. Less common were interactions with human

disturbance {superscript 24-79} and landscape vanables {superscripe 33-33).

i) Forest Stand Structure Variahles
Stand structure variables that maximally explained differences in species richness in 10m x10m
quadrats were forest cover wpe (rudj.=0.277). # tree species (Fadj,=0.268). % stems sugar maple
{radj.=0.236), % stems sugar maple 0=} cm dbh (Cudi.=0.234}, # wel-mesic, wet, tree species
{radj.=0.224}, and, # live wee stems 0-4 cm dbh (radj.=0.196) (Table 4.1. variables variously
transformed). Significant, but less informative, stand structure variables were % canopy closure
i*adj =0.130), % stems sugarmaple 4-10 cm dbh (*ad).=0.099). % siems sugrar maple 10-30 cm dbh
(r'adj =0.096), and. # live (zee stems »30 cm dbh {r'ad] . =0.032) { variables variously ransformed).
The number oflive tree stems in the 4-10.cm dbh. and 10-30 ¢cm dbh. size class were non-significant

predictors of species richness.

Quadrats composed of wet-mesic ar wel tree species (mean richness = 63.9 species). or composad
of sugar maple and wet-mesic or wet tree species {mean richness = 34,9 species). were significantly
mote species rich than quadrats composed of sugar maple {no wet-mesic. wet, rees; no red or white
oak) {mean richness = 36.4 species} or composed of sugar maphke and red or white vak (tean

richness = 313 6 species) {Table 4.2) (Tukev-Kramer H5D test).

Species richness was positively correlated with the number of tree species: the number of wet-mesic.
wel, trees; the number of live stems 0-4 cm dbh: and. the number of live stemis d-10 cm dbh. Species
richness was negatively correlated with the number of live stems =30 cm dbh: the percent stems
sugar maple; the percent stems sugar maple 0-4 cm dbh: the percent stems sugar maple 4- 10 cm dbh:

and, the percent stems sugar maple 10-30 em dbh.
The number of live tree species (>1m). degree of canopy closure. and type of forest cover,
collectively expltaingd 54.9 % of the variance in species richness in [0m x [0m quadrats {Table 4.1}

The number of tree stems 0-4 ¢m dbh. degree of canopy closure, and type of forest caver type
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collectively explained 49 8% of the variance in specics richness. The latter model achieves a betier
statistical fit {p<W = 0.92 vs p<W = (.68} and thus constitutes the "best" set of explanatory variables

for this set of environmental variables.

Pair-wase inleractions among stand structure variables (superseript [0-21). and with edaphic
variables (superseript 2-8), were common (Table 4.1). Less commeon were interactions with human
disturbance (superscript 24-29) and with landscape variables (superseript 33-35). Stand strucrure
variables that interacted less frequently than other variables were # live tree stems >30 ¢m dbh. %

canopy closure, # tree species (>Lm). and. % stems 10-30 cm dbh.

iif) Human Disturbance

The disturbance variables that maximally explained ditferences in species richness in 10m x 10m
quadrats were disturbed microhabitats {present/absent) (rad].=0.089). open trails {radj. =0.089}. and
apen regenerating felds (r'ad).=0.079). Significant. but less informative, variables were closed trails
{r-ad}.=0.043) and open canopy gaps (r°ad].=0.04 11 (Table 4.1} Closed canopy gaps did not explain

observed differences in species nichness.

Quadrats with human disturbance (closed or open canopy gaps. trails, regenerating flelds) were
significantly more species rich than quadrats with oo apparent disturbance (mean richness = 49.2

species versus 39.2 species) (Table 4.23.

Open trails and open regenerating fields collectively explained 12.8% of the variance in specics

richness in 10m x10m quadrats (Table 4,11,

Pair-wise interactions among disturbance variables (superscript 24-29). and with edaphic variabies
{superscript 2-6). and with stand structure variables (superscript 10-21), were comman { Table 4.1).
Qpen conditions interacted more frequently with olher environmental variables than did closed

conditions.
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iv) Environmental Heterogeneity
The number of microhabitats recorded in 2 given quadrat explained 5.4% of the variance {n species

richness in 10m x 10m quadrats {Table 4.1).

Pair-wise interactions vecurred with soil parent material (superserpt 21 selected stand structure

variables (superscript 10-24), and selected disturbance variables (superseript 24-29)( Table 4.1).

v} Landscape Variables

The variables that maximally explained differences in species richness in 1 0m x 10m quadrats were
percent forest caver in the surrounding landscape (radj.=0.0668). and. pawh area (rad).=0.019)
(Table 4.1). The mean distance to the nearest forest patch (in 43" arcs) did nor explain observed

differences in species richness.

Species richness was positively correlated with the mean distance to the nearest forest pateh (in 43"
arcs). and. negatively correlated with the percent Lorest cover in the surrounding landscape. and. with

patch area.

Pair-wise interactions occurred with soil parent material {superseript 2}, soil order {superscript 33,
soil moisture (superscript 4). selected stand structure variabies (superseript 10-21), sefected

disturbance variables (superseript 24-29), and landscape variables { superscript 33-35).

vi} Overall Model

The combination of environmental variables that maximally expiained differences in species richness
in 10m x10m quadrats were the tumber of treg species (> [m). percent canopy closure. forest cover
tvpe, and open microhabitats {cut or snag gap. lane. regeperating field. seep. riparian meadow.
riparian thicket. riparian marsh) (r'adi.=0.382} {Table 4.1). An alternative model composed of
percent canopy closure. number stems 0-4 cm dbh. soil moisture ¢lass. and soil parent matetial. was

equally successful in explaining observed differences in species richness (radj.=0.3493).

(]
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4.3.1.2 Contribution of Forest Structure

The contribution of stand structure to species richness (Table 4.1) was examined [urther tw clanfy
the cause and effect relationshep amonyg selected vanables. Of particular interest was the degree to
which "number of tree species”. and "number of live stems 0-4 cm dbh”. were causal mechanisms
of specics richness. Non-parametne correlations { Spearman’s Rho) with selected stand structure
variables. soil moisture. avajlable calcivm. and human disturbance were computed with a view to

revealing more proximate correlates of species nichness { Table 4.3).

The number of tree species in a given 10m x 10m quadrat was negatively correlated with the percent
stems that were sugar maple (p<0.0001), and. positively correlated with the percent stems that were
wet-mesle, wet. trees (p<0.0001 }, or. shade intolerant. very shade intolerant, trees (p<0.0001 ){ Table

4.3}, The number ot ree species was not correlated with recent human disturbance (p=0.95} or with

percent canopy closure {p=0.27.

The percent stems sugar maple in a given 10m x 10m quadrat was negatively correlated with
seasonally moist or wet depressions on the forest flaor (p<0.00013 and with the percentage of stems
that were wet-mesic. wet rees (p=0.0001). or. shade intolerant. very shade intolerant. trees
(p<0.0001) (Table 4.3). Sugar mapte abundance was negatively correlated with available caleium
[p=0.0049). owing to the sirong positive correlation between available calcium and percent soil
grganic matter. Sugar mapie abundance was positively correlated with percent canopy closure

(p=0.002%} and weakly correlated with the absence of the human disturbance (p=0.0633).

Taken together. these results reveal that the number of tree species in given quadrat increased in the
presence of seasonally moist ar wet soils and in conditions that favored the establishment of shade
intolerant and very shade inloleratt wees, and. declined in the presence of sugar maple. This
suggests that the number of tree species in & given quadrat is a complex variable that accounts for
differences in soil moisture. stand history. and available light. Tree species number is thus a

correlate of species tichness and not its cause.
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The number of live tree stemns 0-4 cm dbh was positively correlated with the numnber of tege species
(p<0.0001) and with the percentage of stems that were wet-mesic, wet, trees (p=0.0002) { Table 4.3),
The number of live tree stems in this size class was weak]y correlated with recent human disturbance
(p=0.0346) and negatively correlated with the pereentage of stems that were sugar maple {p=0.0003).
Stern number was neither correlated with percent canopy closure {p=0.4150) nor with the percentage

of stems that were shade tolerant or very shade tolerant {p=0.72507.

Taken together. these results reveal the number of live tree stems. 0-4 em dbh. was more stronely
influenced by the number of tree species. the percentage of stemns that were wet-mesic, wel. trees,
and. the percentage of stems that were sugar maple. than by recent and past stand disturbance. [n
general, the number of stems in this size ¢lass increased with increasing soil moisture and declined
with inereasing sugar maple abundance. This supgests that the number of live tree stems, 0-4 cm
dbh, isa complex vartable that primarily accounts for differences in soil moisture and available light.

The number of tree stems, -4 cm dbh. is thus a correlate of species richness and not its cause.

The capacity ot each variable to explain observed ditferences in species richness. therefore. is a
function of their correlation with differences in soil moisture and available light. The variance in
richness explained by the number of tree species also retlects the influence of past disturbance everits

and thus explains marginally more variance in species richness than the number of live tree stems
0-4 cin dbh (Table 4.1).

4.3.1.3 Contribution of Scil Fertility

The interaction berween available calcium and sugar maple abundance { Table 4.1) was investigated
further to clarify the contribution of soii fertility o observed differences in species richness. This

analysis was conducted in two contrasting seitings.

The first setting was restricted to forest stands on Brunisolic and Luvisolic soils. in view of reported
differences in calcium availability in these soils (Hottman and Actoni974. Gillespie and Acton

1981}, Soils with free calcium carbonate in the upper 13 cm of the soil profile {positive reaction



to 0.1N HCIy were excluded from this analysis in order to standardize samples with respect 1o

exchangeable calcium, Exchangeable calcium in these soils ranged from 0.7 to 13,1 cmolfke.

The results of this analysis are summarized in Figure 4.5, Differences int sugar maple abundance
explained 63.2 % of the variance in species dehness in 10m x 10m quadraty, when expressed as the
percentage of live stems (> 1m) that were sugar maple, and 50.0 % of variance in species richness

in [0 x10m quadrats. when expressed as the number of live stems (>t m) that were sugar maple.

Exchangeable calcium, in wrn. explained 11.1 % of the variance in sugar maple abundance
{p=0.054), when expressed as the percentage of live slems (> lm) sugar maple, and 2.9 % of the
variance in sugar maple abundance (p=0.200). when expressed as the number of live stems sugar
maple. Exchangeable calcium, sensu siricio, explained 6.6 % of the varance in species richness
{ p=0.109} on these soils. Exchangeable calcium is a significant predictor of sugar maple abundance
for selected size classes, however, and explains 13% to 19% of the variance in the percentage of

live stems (> 1m) sugar mapic in the 0-4 ¢m, 4-10 em. and 10-30 ¢m. dbh sizc elass (Figure 2.7}

The second setting was restricted to forest stands on Brunisolic soils inorder to standardize samples
for 501l parent material (calcareous till). soil order (Orthic Melanic Brunisol). seil series ({tonabee
loam). seil moisture (mesic). forest composition {Cover Type 2, 3). and recent site disturbances {no
trails, canopy gaps, regeneraiing fields). Sotls with free calcium carbonate in the upper 135 cm of the
soil profile were included in the analysis in order to standardize samples for available calcium (free
calelum carbonate + exchangeable caleium) in the upper |5 cm of the soil profile. The gradient in
available caleium on these soils ranged from 0.3 cmol’kg to 20.2 emolkg. Soils with free caicium
carbonate contained significantly higher levels of available calcium than non-reactive soils (16.6

cmolfkg versus 4.1 cmolfkg. respectively)(Wilcoxon rank surn test, not shown).

The results of this analysis are presentzd in Figure 4.6. Available calcium explained 62.8 % ol the
varance in sugar mapie abundance, when expressed as the percentage of live stems (>1m) that were
supar maple, and, 45.9% of the vartance in supar maple abundance, when expressed as the number

of live stems {>1 m) that were sugar maple. However. in contrast, to the first setting, differences in
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Figure 4.5. Species richness. sugar maple abundance. and available calcium, in 10m x 10m
guadrats on Brunisalic and Luviselic sgils overlying caleareaus till. Soils with free calcium
carbonate in upper 15 ¢m of soil profile excluded from analysis (see text). Quadrats with ap-
parent human disturbance excluded from analysis. Forest cover = cover type 2 (sugar maple +
red or white oak } and cover tvpe 3 {sugar maple, no red or white oak. no wet-mesic, wet. spe-
cics). Regression statistics based on transformed data, Available calcium explains 6.6% of
variance (p=0.11} in species richness {not shown). N-29 quadrats i 7 forest patehes.
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Figure 4.6. Species richness. sugar maple abundance. and available caleium, in 10m x 10m
quadrats on Brunisolic soils overlying calcareous till. Soils with free calcium carbonate in up-
per i3 cm of soil profile included in analysis. Quadrars with apparent human disturbance ex-
cluded from analysis. Forest cover = cover type 2 {sugar maple + red or white oak} and cover
type 3 (sugar maple. no oak. no wet-mesic, wet species). N=17 quadrats in 3 forest patches.
Available calcium explains 6.0% of variance in species richness {(p=0.76).
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sugar maple abundance do not explain observed differences in species richness (p=0.71}. Asinthe

first sefting, available caleium does not explain species richness on these soiis (p=0.75).

The preceding results reveal that differences in exchangeable and avuilable caleium do not explain
observed differences in species richness. Or at least. noi directly. The degree to which species
nchness is explained by differences in sugar maple abundance, and the degree to which sugar maple
abundance is explained by ditferences in caleium availability in the upper 15 om of the soil profiie.
depends an the setting in which the analysis is conducted and on the measure of sugar maple

abundance that is used.

Available light. stand structure. and edaphic factors were examined funther to reveal potential
rnechanisms that may explain the preceding results. The results of this analysis are summarized in

Figures 4.7, 4.8. and 4.9,

The mean number of species, percent stems sugar maple. percent taxa shade tolerant herbs. and
percent shade intolerant herbs. are compared in Figure <47, The mean number of species. and the
mean percentape of taxa that were shade intolerant herbs, were significantly higher on Brunisolic
soils whereas the mean percentage of live stems that were sugar maple. and the mean percentage of
taxa that were shade tolerant herbs, were sipnificantly hipher on Luvizalic seils. This pattern
suggests that more [ight is available in forest stands on Brunisolic soils than on Luvisolic soils. and,
that the difference in species richness on these soils is due in part to the deep shade cast by maple
saplings and trees. Observed differences in canopy closure were not significant (mean % canopy
closure: §9.0% on Brunisalic soils versus 91.1% on Luvisolic sails. p=0.93. Wilcoxon rank swm test.

not showmn).

The abundance of sugar maple in selected size classes is presented in Figure 4.8. The data reveal
that the number of sugar maple stems in a 10m x 10m quadrat is consistently hagher on Luvisolic
snils than on Brunisolic soils. The data also reveal that stands on Brunisolic soils have significantly
fewer stems in the 10-30 cm dbh size class and no stems in the >30 cm size class. The most likely

explanation for the latter patterns is that stands on Brunisclic soils were mare intensively. or more
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Figure 4.7. Comparison of mean plant response in 10m x 10m quadrats on soils of contrasting
fertility [. Lepend: B = Brunisolic soils. L = Luvisolic soils. overlying calcareous till. Soils with
free caleium carbonate in upper 15 em of soil profile excluded from analysis. Quadrats with ap-
parent hurnan disturbance excluded from analysis. N = 29 quadrals in 7 forest patches. Errer bars:
ong standard error mean. Means: # SPECIES: B=39.6. L=239; % STEMS SUGAR MAPLE:
B=13.1. L=76.7; % TAXA SHADE TOLERANT HERBS: B=42.1, L=36.1; % TAXA SHADE
INTOLERANT HERBS: B=25.7. L=10.6. P-value: Wilcoxon rank sum test.
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Figure 4.8. Comparison ot mean plant response in 10m x 10m quadrats on soils of contrasting
fertility [I. Legend: B = Brunisolic soils. L = Luvisolic soils. overlving calcareous till. Soils
with free calcium carbonate in upper 15 cm of soil profile excluded from analysis. Quadrats
with apparent human disturbance excluded from analysis. N = 29 quadrats in 7 forest patches.
Error bars: one standard error mean. Means: # SUGAR MAPLE STEMS 0-4 em: B=9 4,
L—-17.1: # SUGAR MAPLE STEMS 4-10 cm: B=(r4. L=7.0; # SUGAR MAPLE STEMS 10-
30 cm: B=03; L=1.9; # SLGAR MAPLE STEMS =30 cm: B=0.0, [=0.48. P-value: Wilcoxon
rark siom fest.
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Figure 4+.%. Cemparison of mean plant response in 10m x 10m quadrats on soils of contrasting
fertitity [1I. Legend: B = Brunisolic. L = Luvisolic soils. overlying calcareous till. Soils with
free calcium carbonate in upper 15 cm of soil profile exeluded from analysis. Quadrats with ap-
parent human disturbance excluded from analysis. N = 29 quadrats in 7 forest patches. Error
bars: one standard error mean. Means: # SUGAR MAPLE STEMS: B=10.3, L=26.5: AVAIL-
ABLE CALCIUM: B=4.3, L=6.9; pH ... B=6.5. L=6.4: % S0IL ORGANIC MATTER:
B=59 L=9.0. P-value: Wilcoxon rank sum test.
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recently, logged than stands on Luvisolic sails. While such adiffersnce in stand history may explain
the relative scarcity of large diameter srems on Brunisolic soils. it does net readily explain the greater
number of speeies, and the greater nwmber of shade intolerant herbs. since the canopy in cach stand
in this analysis was intact. A more likely explanation. therefore. is that the number of sugar maple
stems in stands on Brunisolic soils was not suffictent to cast a deep shade over the entirz 10m x 19m
quadrat. This explanaticn is in keeping with the relative and absofute difference in mean sugar
maple abundance, and, with the difference in the mean percentage of taxa that were shade intolerant
herbs (Figures 4.7 and 4.9). It alse provides an explanation for the non-significant relaticnship

between sugar maple abundance and species nchness repotted in Figure 4.5,

Selected soil properties and the mean number of sugar maple stems are presented in Figure 4.9. The
mean number of sugar maple stems, the mean concentration of available calcium, and the mean
percent soil grganic matter, were significantly higher on Luvisolic soils than on Brunisalic soils.
The difference in mean pH,.. Was not significant. The comespondence between available caleium
and absclute sugar maple abundance on these soils is consistent with the calcium - mortality
hypothesis proposed by Kobe ef af. £1995) and Kobk {1996} (see Section 2.4, element 1i1). Other
factors may contribute to the observed difference in sugar maple abundance on these soils, however.
since the strength of the relatianship between available calcium and sugar mapie abundance depends
on the parameters included in the analysis inon-significant when the analysis includes stands on both

Luvisolic and Brunsiolic soils. Figure 4.3: significant when the analysis is restricted to Brunisolic

soils. Figure 4.6).

Soil organic matter was positively and significantly correlated with the number of sugar maple stems
in both anabvtical settings (p=0.042 when the analysis includes Brunisolic and Luviselic soils:
p=0.0007 when the analysis was restricted to Brunisolic soils) (supplementary correlation analysis
not siiown). The most apparent reason for this association is the high cation exchange capacity ol
snil organic matter (Brady 1990} In keeping with this property. the relationship between percent
soil organie matler and availabie caleium on these soils was linear, positive, and strong {radj.=0.43
when the analysis includes Brunisolic and Luvisolic sotls: radj.={.68 when the analysis is restricted

to Brunisolic soils). Soil organic matter may therefore contribute to differences in sugar maple
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abundance by making calcium differentially available 1o surface roots,

Soil arganic matter also facilitates the retention of soil mostuee {Brady 1990% and thus may
contribute 1o differences in sugar maple abundance by Facilitating the germination. establishment.
and persistence of sugar maple seedlings. The moisture retention hypothesis is not supported by
data. however. since the relationship between percent soil organic matter and the mean caver class
of sugar maple seedlings (<im) was nepative in both analvtical settings (supplementary linear

regression analyses not shown).

The relationship between percent soil organic matter and species richness was marginally significant
{p=0.062) and negative when the analysis included both Brunisolic and Luvisolic soils. and,
rarkedly non-signiticant (p=0.603) and positive when the analysis was restricted 1o Brunisolic soils
(supplementary cerrelation analyses not shownl  Differences in soil organic matter comtent,

theretore, do not appear to have contributed to observed differences in species richness.

£.3.1.4 Contrihution of Patch [solation and Patch Size

The contribution of patch isolation and patch size o ditterences in species richness was evaluated
by multiple linear regression{ Table 4.1}, Patch isolation, when expressed as the percent forest cover
within a 5 km x 3km square centered on the study site. explained 6.6 % of the variance in species
richness. [ngeneral. the species nehness ina given 10m x 10m quadrat declined as the percent forest
cover in the surrounding [andscape increased (Figure 4.4). Patch isolation. when expressed as the
mean distance to the nearest eight woodlots. measured in 43* arcs. was markedly non-significant
(p=0.32). Significant pair-wisc interactions were detected between patch isolation and selected
adaphic. stand structure. and disturbance variables. [nteractions with important. and complex.
explanatory variabies such as soil order. and forest cover type. suggest that patch isolation. per se.

does not make an independent centribution te species richness in this study.

Patch size. when expressed as the area of the forest patch in which the study site was situated.

explained 1.9% of the variance in species richness. In general. the species richness in given quadrat



declined as the size of the forest patch increased. Significant pair-wise interactions were detected
between selected edaphic, stand structure. and landscape variables. The interaction with soil parent
material. soil order and forest cover type. in particular, suggest that patch size. per se. does make an

independent contribution 0 species richness in this study.

4.3.1.5 Contribution of Microhabitats

The contribution of microhabitats to observed difterences (n species ndchness was evaluated ai the
quadrat { Table 4.4}, forest patch {Table 4.3). and landscape (Table 4.6) spatial scale. The ohjective
of this analysis was to determine the degree to which a given microhabitat contained species that did

not occur elsewhere in the sampled area.

The microhabitats that contributed maximally to species richness at the quadrat scale were open
[ane/roads (mean # unique species = 34.3); open regencrating flelds (mean # unique species =£9.33);
closed. seasonally dry. forest tloors {mean # unique species = 16.60): open riparian meadows (mean
# unique species = 13.33% and, closed. seasonalty maist forest floors {mean # unique species = 13.30
species) {Table 4.4). Microhabitats 1hat ocrasionally contributed additional species were open and
closed tree pits (mean # unique species =0.30and 0.34. respectively); open and closed stumps tmean
# unique species =0.43 and 0.90. respectively ): open and closed logs {mean # unique species = .83
and 1.87, respectively). Only two of twenty-three evaluated microhabitats did not make a significant
contribution to species richness at the yuadrat spatial scale (open tree pits. all moisture classas: and,
open stumps). Seventeen microhabitats were not evaluated {minimum sample size criterion for

Wilcoxon signed rank sum test not satisfied).

The microhabitats that coniribited maximally to species richness at the patch scale were closed,
seasonally dry. forest floors (mean # unique species = 17.03). open regenerating fields (mean #
unique species = 12.3), and open lanes/roads (mean # unique species = 9.00) {Table 4.3).
Microhabitats that contributed a modest but significant number of species at the patch seale were
closed. seasonally meist. forest floors {mean # unique species = 6.13): open. seasonally dry. canopy

gaps {mean # unique species = 4.40); closed. seasonally wet, forest depressions {mean # uniqus
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Tabie 4.4. Contribution of microhabitats to species richness in 10m x 10m quadrats. Legend: %65A
= % uf sampled area (19.200 m™). # Quads: number o quadrats in analvsis; Mean difference = mean
difference in species richness: (# species in guadrat) - (% specied in quadrat - ¥ species vnique to
microhabitat); paired t-tests when distribution of differences normal. Wilcoxan signed rank sum tests
otherwise. NT = not tested {see text). Quadrats in which microhabitat is the only microhabitat
excluded from analysis.

Mierchahitat % SA | # Quads | Mean Difference pot
seasonally drv forest floor-ce 543 172 16.60 0.0001
sgasonally dry farest floor-oc 6.8 23 11.30 0.00801
seasonally moist forest floars-ce 10 21 13.30 00001
seasonatly maist forest loors-o¢ i0 9 2.47 0.0028
sgasomally most forest depressions-ce 4.1 0 3.35 0.000|
seasonaily maist torest depressions-oc 02 2 4.00 NT
seasonally wet forest floors-co 0.6 3 533 NT
seasonally wet forest floors—oe 1.0 4 5.75 D.3451
seasonally wet forest depressions-ce 4.0 i7 547 0,000
seasonally wet forest depressions-oc 1.0 4 +4.30 MNT
sUep-gC 09 k) 4.67 BT
E2ep-0C 0.3 [ 12.00 NT
seasonally dry gap-ce L 3 .00 NT
seasonally maoist gap-ce 0.3 2 3.00 NT
pit'mound complexes-ce 5.8 fd 3.66 0.0001
pit/mound complexes-oc 0.6 7 6.30 0.437
mound-cc 34 &0 g2 0000
mound-oc¢ 0d 3 3.20 0.0466
pits-cc (all moisture classes) 1.8 16 0.54 0.0401
pite-0c (all motsture elasses) { ) [ 0.50 | Q060
seasonally dry pit-cc 1.3 41 (.38 0.0040
seasonally dry pit-oc il 4 .75 NT
seasonally moist pit-cc 03 2 0.50 NT




Table 4.4. Contnbution of microhabiiats to species richness in 10m x 10m quadrats (cont"d}.

Microhabitat SA [ Efuads | Mean Difference Py
seasonally wet pit-cc g2 3 [.33 NT
seasonally wet pit-oc (it I 000 NT
log-cc .3 43 .87 0.0041
log-oc 0z 12 0.83 00510
STUMp-CE 0.2 30 0.20 00001
SIUMp-UC 0.l T 0.43 0074%]
raised root mat-ce 1.3 28 374 {0000
raised root mat-og 0.8 [ 425 0.0040
Slofe-Cu <1 L +.00 NT
lane/road-ce 23 [ 6.18 0.0043
lane/road-og L3 3 2413 0.0107
ditch-cc 0.3 4 5.0 NT
ditch-oc =01 X 250 NT
regenerating fiefd-co 1.3 3 (420 0.0351
regengrating feld-og 1.3 & 19.33 00014
riparan meadow-oc 0.7 } 1533 NT
riparian marsh-oc 0.4 3 133 NT
riparian thicket-oc 0.l | 2.00 NT
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Table 4.3, Contribution of microhabitats to species richness in surveyed forest patches. Legend:
YaSA = % of sampled area (19200 m). 4 Patches: number of forest patches in analysis; Mean
difference — mean difference in species richness: (# species in patch) - { # species in patch - # species
unigque to microhabitat); paired t-tests when distnibution of differences normal: Wilcoxon signed
rank sum tests otherwise. NT = not tested {see text). Paiches in which microhabitat is the only
microhabitat excluded from analysis.

Microhabitat % SA | # Patches | Mean Difference pit]
seasomally dry forest floor-ce 54.3 21 17.03 0.0001
seasonally dry farest floor-oc 6.2 14 4,40 Q.00
scasonally moist forest floors-ce 30 3 6.13 (.0040
seasonally moist forest floors-oc 3.0 6 |83 0.2500
seasonally moist forest depressions-ce 4.1 L] .12 G.23500
seasonally moist forest depressions-or .2 [ 2.00 NT
seasonally wet forest floors-cc 0.6 2 .30 NT
sgasonally wet forest floors-oc |0 2 1.00 NT
seasonally wet forest depressions-cc 4.0 T 3.00 G.0le7
seasonaliv wet forest depressions-oc [0 2 2,06 NT
seep-co 0.9 2 250 NT
SeEp-OC 0.3 ] 700 NT
seasonally dry gap-ce 32 3 (.00 NT
seasonally moist gap-ce 0.3 1 200 NT
pit‘mound compiexes-ce 5.6 ) .30 0000 |
pit‘mound complexes-oc {.6 3 140 0.0301)
mound-ce is an 1.33 0000
maund-gs 04 b 1.20 01250
piis—c {all moisture classes} P8 13 0.33 0.1230
pits-qe (al[ maisture classes) 1 5 (.20 Q5000
seasonally dry pit-ce 1.5 13 027 0.3000
seasonally dry pit-oc .1 4 0.30 WT




Tabie 4.3. Contribution of micrehabitats to species richness in surveyed patches (cont’d).

Microhabitat % SA | # Paches | Mean Difference Py
seasonally moist pit-cc 0.3 2 0.00 NT
scasonally wet pii-ce 0. 2 0.00 T
seasonally wet pil-oc 0.1 1 £.00 NT
log-cc 0.5 L4 0.93 00310
log-oe 0.z 7 0.71 11250
STUMp-CE 0.2 10 0400 0.2300
STLEM p-0C d.1 4 .00 WT
rzised root that-co .3 g 1.68 0.0630
raised oot mat-oo 0.4 f 233 0.1250
stone-ce =1 £.00 NT
lane/road-ce 23 f .33 0.0606
lane/road-oc i3 5 900 0.0390
ditch-cc 03 2 {150 NT
ditch-oc ={).1 d ] NT
regencrating field-ce 1.3 K 300 NT
regenerating field-oc .3 2 12.5 NT
riparian meadow-oc 0.7 k 0.00 NT
ripartan marsh-oc 0.4 | 309 NT
riparian thicket-oc 0.} ] 3.00 T
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Table 4.6. Contribution of microhabitats to species richness at the landscape scale. Legend: %
SA = percent total surveved area {19.200 m")

Microhabitat % SA | # Specics Restricted to Habitar
seasonally dry Farest flaors-cc! 343 18
seasonally dry forest floors-oe” 5.8 it
seasonally moist forest floors-cc’ 10 5
seasonally wet Forest floors-ge? 0.6 1
seasonally wet forest depressions-ce’ 1.0 3
seep-ac” 0.3 I
mound-ce” le L
log-ce? 0.3 |
raised root mat-oc” 1.3 1
lane/road-oc' 1.3 a
regenerating ficld-cc"' 1.3 1
regenerating Deld-oc'™ 1.3 R
riparian marsh-ac! 04 !

Mates:

1. Booychum muliifidum. Coarex communis, Carev platypin i, Curee woadii, Chimapfila ambellat, Cratveyic

speties 1, Crargegrs species 31, Gewm affepicum, Hieraeimm epramiaenn, Loricera hirsuia, Monatrapad fivpeo-

pitkys, Parae quingrefoliiam, Riamrus afnifalio, Samicaly rifuliate, Veranica qfficiaulis, Fiolz rosereia.

Cudveiegia sepiyi, Cordves goanthnides, Lobefio inflog, Neperd coteiria, Panicum capiffare, Triosiee

ARPINTTCLM .

Amelanchier arferea, Cvpripedinm calcenivs. Phegoptoris connectiffs, Stellaria fongifedia, Dvpbe farifolio.

Aster uprheflaruy.

Carex prendo-cyperis. Ciclita hfbyfera, imunda regolis.

Cgrex crieita.

Monarda fistulosa.

Erhinocystis fobata.

Sicyos angulatus.

0. dmbrosia artenrisiifolia, Carduus milans, Festuee prajensis, Poentilla norvegica. Verbena hastata, Verbena
urticifolia.

L. Rucbeckia hirtg.

2. A ntennaria neglecta, Aster ericoldes, Carex prairea, Festoa wrmdinacea, Festwea rubra, Lyeapadium e istachyum.,
Rieus tvphiina, Salix periolaris,

(3. Rumey orbicufatiis.

LA

L= laad

=0 W
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speeies = 3.00); closed pit/mound complexes (mean # unique species = 2.30%; open pit/mound
complexes {mean # unique species = 1.40); closed tip-up mounds {mean 2 unique species = 1,331
and. closed logs (mean # unique species = .93 species). Only nine of twenty evaluated habiials
made asignificant contribution to species richness at the patch scale, Twenty-one microhabitats were

noi evaluated (minimum sample size criterion for Wilcoxon signed rank sum test not satisfied).

Thirteen microhabitats contributed to species richness at the landscape scale (i.e. contained species
that were not recorded in any other habitat} Table 4.61. The habitat that contributed the greatest
nurnbier of specigs was closed seasonally dry torest floor (16 species). Habitats that contributed an
intermediate number of species were open regenerating fields (8 speeies): open lanes/roads (6
specieskopen, seasonally dry. forest floors (open canopy gapsiiG species): and. closed seasonally
maist forest floors {3 species). Habirats that contributed a minot number of unique spectes at the
landscape scale were closed. seasonally wet. forest depressions {3 species). closed. seasonally wer
farest floors (1 species); opern seeps (| species); clozed mounds { | species): ¢lased logs (1 species):
open raised root mats (1 species); closed regenerating fields (1 species); and. open riparian marsh

{1 specigsi.

Taken together, these results sugpest that light is mare limiting than meisture for many plants 1n
these forests. Open disturbed habitats were particelarly strong contributors to specics richness at the
quadrar scale. whereas, closed dry forest floors were rthe strongest contributors to species richness
at the patch and landscape spatial scale. While closed seasonally moist forest floors and seeps were
irportant contributors to species richness at the quadrat scale. maist and wet habitats were modest
to weak contributers to species richness at larger spatial scales. Habitats creawed by natural
disturbance (tip-up mounds, tree pits. logs, stumps. raised root mats} were typically weak

contributors to specics richness at ail spatial scaiss.

These resuits may depend in part on differences in sampled area. Habitats in these forests were
typically closed and seasenally dry (Table 4.7}, Open microhabitats occupied 16.5 % of the sampled

area and were typically dry, whereas, seasonally moist or wet habitats oceupied 21.3% of the



Table 4.7. Comparnison of microhabitats by moisture and canopy closure class. Legend: %
SA =% of total surveyed area {19,200 m™,

Microhabitat # Quadrats Mean Area{m”) Total Area
Present per Quadrat
When Present m’ Yo SA
[. MOISTURL STATLS
Oy Habitats .1 303 13,103 187
closed canopy 170 TR 13.051] 68.0
Dpen canopy 43 178 2054 10,7
boist"Wet Habitats T 7 4.093 213
closed canopy 38 33 2088 15.6
DPEN CANGPY 19 84 1,109 58

Il LIGHT STATUS

Closed Habitats 174 g12 (6,037 8315
drv habitats 1M To.8 13.051 680
moist/wet habitats 58 3.5 2986 5.6

Open Habitats 47 67.3 3,163 6.5
dry habitats 43 478 2,054 0.7
toist/wet habitats 19 3B I, EQS 53
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sampled area and were typically closed. These patterns increase the probability of recording
restricted species in both closed - dry and closed - moist habitats. Passive sampling effects, however,
cannot aceount for tha tendency for open lane/roads and open regenerating tields to contribute more
10 species richness than their closed counterparts. since the open phace of these habitats accupied
an equal or smaller percentage of the rtotal sampled area than the closed phase. at each spatial scaie.
Nor. for similar reazons, can passive sampling account for the (endency for open seeps. spen
pit'mound complexes. and open raised root mats. to cantribuie more to species richness than their
closed counterparts at the quadrat spatial scale, Nor. for similar reasens, can passive sampling
account for the tendency for closed seasonally moist tloors to consistently contribute more to speeices

richness than the open phase.

432 Pant Trait Correlates of Specics Richness
4.3.2.1 Generalized Lincar Regression Models

Plant trait correlates of species richness in 10m x 10m guadrats are reported in Tabie 4.8. in relation
to the following groupings: mode of dispersal. [ite history. provenance, life form. hahitat affinity,
shade tolerance. moisture affinity. and. overall model. Scatter plots of the most intluential dispersal

correlates are presented in Figures 4.10 and 4.11.

i) Mode of Dispersal

Modes of dispersal that maximally explained observed differsnces in species richness in 10m x 10m
quadrats were dispersal by animal ingestion {r'adj.=0.397). dispersal by wind (radi.=0334.
dispersal by unassisted means (r"adj.=0.317), and, dispersal by multiple modes (r'adj =0.246) Table
4.8} Modes with intermediate explanatory power were dispersal by prolonged dormancy
{t*ad).=0.199), dispersal by ants {radj.=0.132). and. dispersal by animal adhesion (radj.=0.114},
Modes with minimai explanatory power were dispersal by mechanical expulsion (rad}.=0.060) and

dispersal by vegetative expansion (radi.=0.050).

Species richness was positively correlated with dispersal by animal adhesion, wind, prolonged

dormaney, unassisted means, and multiple modes, and. negatively corrclated with dispersal by
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Figure 4.10. Scatter plots of dispersal cotrelates of species richness in 10m x 10m quadrats .
Lepend: YAlH = % taxa herbs dispersed by animal ingestion: %ANTH = % taxa herbs dis-
persed by ants: %oWINDH = % taxa herbs dispersed by wind: %PDH = % taxa herbs dispersed
by prolonged dormancy,
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Figure 4.11. Scatter plots of selected correlates of species richness in 10m x [0m quadrats IT.
Legend: %UNASSH =% taxa herbs dispersed by unassisted means; %ACT = % taxa dispersed
by animal conveyvance (ants, or, seed caching by birds or mammals). al] [ife forms: %PDT = %
taxa dispersed by proionged dormancy, ali life forms: %UNASST =% taxa dispersed by uans-
sisted means, all life forms.
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ammal ingestion, anis. mechanical expulsion. and vegetative expansion.

The percentage of iaxa that were herbs dispersed by unassisted means. prolonged dormancy. ants.
and animal ingestion. explained 55.8 % of the variance in species richness in 10m x 10m quadrats.
The percentage of taxa dispersed by unassisted means, animal convevance (ants + seed caching by
birds and mammals). and prolonged dormancey {all lite forms), explained 36.3 % of the vananee in
species richness in 10m x 10m quadrats. The former model represents a better statistical fic (p<iW

=0.93 versus p<W = 10.67) and is considered o be the superior model for dispersal vanables.

Pair-wise interactions were common among dispersal variables {superscript 3-11% and between
mode of dispersai and lite history (superscript 13-171. habitat affinity (supersenpt 28-31), and
moisture affinity (supersenipt 39-43) {Table 4.8%, Less commen were interactions between mode of
dispersal and provenance {superscript 18-19). life Form [superseript 20-26). shade tolerance

{supetscript 33-37).

ii) Life History

Life history variables that maximally explained ohserved differences in species richness in [Om x
10m quadrats were the percentage of taxa that possessed a hiennial {radj.=0.134) or perennial
(radj.=0.132) lite history (Table 4 8). The latier model is considered to be the superior modet for
Iif¢ history variables in view ef its superior statistical tit. The percentage of taxa that possessed an

annual life history explained a significant but small {raction of the observed variance in species
richness (radj.=0.043}.

Species richness was positively correlated with the percentage of taxa with an annual or biennial life

history. and. negatively correlated with the percentage of taxa that possessed a perennial life history.

Pair-wise interactions were common armong life history variables (supersenpt 15-17) and between
life history variables and mode of dispersal (superseript 3-11}. provenance (superscript 18-19), life
form (superseript 20-26). habitat affinity (superscript 28-31). and shade tolerance {superscript 33-

37). Plams with an annual or perennial Life history interacted with moisture affinity {superscript 39-
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43) whereas plants with a biennial life history did not.

iii) Provenance

The pereentase of {axa that were native species explained marginally mere variance in spectes
richness than the percentage that were not (r'adj.=0.268 versus .256, respectively) (Table 4.8). The
former model is considered to be the superior madel for provenance variables in view of its superior

statistical fit and explanation of variance,

Species richness was positively correlated with the percentage of taxa that were alien species, and,

negatively correlated with the percentage of 1axa that were native.

Pair-wise interactions were common between provenance variables and mode of dispersal
{superscript 3-11}. lite history {superscript 15-17). lite torm (superseript 19-26), habitat atffinity

{superseript 28-31), and shade tolerance (superscript 33-37). Provenance varizbles did not interact

with meisture affinity (superscript 39-43).

iv) Life Form

Life form variables that maximally explained observed differences in species nehness in 10m x 10m
quadrats were the percentage of taxa that were grasses (radj. = 0.273) and trees {radj.= .263)(Table
4.8). Variables with intermediate explanatory power were the percentage of taxa that were vines
(r'adj.=0.178) and herbs (r*adj.=0.137). The percentage of taxa that were ferns (cCadj.~ 0.053) and
shrubs (r*adj.= 0.031) explained a significant but minor fraction of variance in species richness. The

percentage of waxa that were fern allies did not explain observed differences in species richness

{p>F=0.08).

The percentage of taxa that were trees and vines collectively explained 32.5 % of the variance in

species nehness in t0m x 10m quadmats,

Species richness was positively correlated with the perceniage of taxa that were vines. fem allies.

grasses. and herbs, and. negatively correlated with the percentage of taxa that were trees, shrubs, and
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terns.

Pair-wise interactions between [ife form and life history { superseript 1 5-17)were more common than
inleractions among life forms and between life form and other plant traits. The percentage of taxa

that were trees, shrubs. and grasses did not interact with moisture affinity (supersenipt 39-43),

v} Habitat Affiniey

Habitat affinity variables that maximally explained observed differences in species richness in 10m
x 10m quadrats were the percentage of taxa with an attinity for open {"adj.= (.388) and forested
{radj.= 0.214) habitats (Table 4.8). The percentage of raxa with an affinity for "open ~ forest®
habitats (r-adj.=0.194) explamed more than twice as much varianees in species richness as taxa with

an affinity for "forest + open” habitats (Fadj.= 0.073 .

The percentage of taxa with an affinity for "open” and "forest” habitats collectively explained 41 4%

of the variance in species dehness in 10m x10m quadrats.

Species richness was positively associated with the percentage of taxa with an affinity for "open +
forest” and "open” habitats. and. negatively correlated with the percentage of taxa with an aftinity

for "forest” and "forest + open” habitats.

Pair-wise interactions were common among habitat affinity variables (superscript 28-31). and.
between habitat affinity variables and mode of dispersal (superscript 3-11), life history (superseript
15-17), provenance (superscript 18-19), life form {superseript 20-26). shade toleranee (superscript
33-37). Only the interactions between moisture affinity and the percentage of taxa with an alfinity

for "forest + open” and "open” habitats were significant.

vi) Shade Tolerance
Shade tolerance variables that maximally explaingd observed differences in species richness in 10m
x 10m quadrats were the percentage of 1axa classified as shade tolerance class 3 {Cadj.= 0.293).

shade tolerance class | {(radj.= 0.214), and, shade tolerance class 2 (r*adj.= 0.170) (Table 4.8). The
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percentage of taxa classified as shade tolerance £ (radj.= 0.091) explained more variance than taxa

classified as shade tolerance class 3 (radj.= 0.024).

The percentage of 1axa classified as shade toleranee class 3. and shade wlerance class 1. collectively

explained 32.5 %o of the variance in species richness in [0m x 10m quadrats.

Species richness was positively comelated with the percentage of taxa classified as shade tolerance
class 4 and 3. and. negarively correlated with the percentage of taxa classifiad as shade tolerance

class | and 2.

Pair-wise interpctions were common among shade wlerance classes (superscript 33-37% and.
between shade tolerance ¢lasses and mode of dispersal (supersenipt 3-11). lite history {superscript
13-17}, life tarm {superscript 20-17), Shade tolerance class interacted infrequently with provenance

{superscript 18-19) and moisiure affimity (superscrpt 39-43),

viij  Moaisture Affinity

buisture affinity variables that maximally explained observed difterences in species richness in 10m
x 10m quadrats were the percentage of taxa that were facultative wetland species (radj.= 0.301).
facultative upland species (Fadj.= 0.269). obligate upland species (radj.= 0.253), and obligate
wetland species (fad).= 0,214} (Table 4.8). The percentage of taxa with a tacultative affinity for

moisture did not explain ebserved differences in species richness (p=F=0.87).

The percentage of taxa that were facultative wetland species was considered to be the supenar moda|

for moisture afIinity variables in view of its superior statistical fit and explanation ot variance.
Species richness was positively correiated with the percemtage of taxa classified as facultative
wetland. and obligate wetland, species. and. negatively correlated with the percentage of taxa
classified as facultative upland, and obligate upland. species.

Pair-wise interactions were comiman among moisture affinity variables (superscript 59-43), and,
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between moisture affinity variables and mode of dispetsal (superscript 3-11). life history (superscript
15-17), and, life form (superseript 20-26). Maisture atlinity varnables interacted infrequently with
habitat atfinity {superscript 28-3 1) and shade tolerance {superseript 33-37) and did not intetact with

provenance (superscript 18-19).

viii}  Overall Model

The combination of plant adributes that maximally explained observed differences in species
richness in 10m x1Qm quadrats was the percentaye of taxa that were herbs dispersed by unassisted
means, prolanged donmancy, ants. and animal ingestion. This mode!l, which explains 35.8 % ot'the
observed variance in species richness. was considered superiar to all other models because ol
superior statistical fit and strong explanation of variance. An alternative model (composed of the
percentage of taxa dispersed by unassisted means, animal conveyance and prolonged dommancey)
explained marginally more variance in species richness (56,3 % versus 55.8%) but was a weaker

statistical fit (p<W = 0.67 versus p<W = (0.93).

4.3} Comparison of Alternative Models of Species Richness
4.3.3.1 Generalized Lincar Regression Modiels

The combinations of variables that maximally explain differences in species richness in 10m x Hm
quadrats are presented in Table 4.9, Models E1 and E2 summarize the aptimum combination at
environmental variables: models D1 and D2 summarize the optimum combination of dispersal
variabies; models M1 through M3 swmnmarize the optimum combination of environmental, dispersal.

and Jife form vanables, One outlier. quadrat #160. was removed from sach model to improve the

statistical fit {see Section 4.2.2.3).

Models D1, 132, and M4 were considered inferior models in view of the comparatively weak
statistical fit (p<W = 0,33, 0.1, 0.22, respectively). Models M1, M3, and M3 were considered
superior models in view of the excellent statistical fit (p<W = 0.88. 0.95. 0.89. respectively} and
strong explanation ot variance (adj. = 0.659,0.712. 0.642. respectively). Interactions among modei

elements prevented an overall statistical evaluation of superier and inferior models (see Section
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4223} In peneral. dispersal models explained more variance in species richness than did
environmental models. and. mixed models explained more variance than either dispersal or
environmental models. sensu stricre. Model M3, which included environment, life form and
dizpersal variables, explained 22.9% more vatiance Tn specios richness than model E2. which

included only environment variables,

4.3.3.2 Graphical Evailvation of Alternative Models of Species Richness

The degree ta which elements in alternative nrodels explained similar properties of the underlying
znvironment was evaluated graphicalty by submitting the elements of each model o detrendad
correspondence analysis (DCA) and using the resulting "species” scares to consiriet a paivgon in
ordination space (see Section 4.2.2.3). The ordination space enclosed by cach polvgon was
interpreted to represent the partion ot sample space maximally exploined by each model. Regression

models that overlapped in ordination space were cansidered less distinctive than madels that did not.

The results of this analyvsis are summanzed in Table 4.10; represeniative graphical solutions are
presented in Figure 4.12. The most distinctive model contrasts were between regression models E2
and M1 (oo overlap in ordination space). E1 and D2 (minor everlap). and. M1 and M2 (minor
overlap}. All other models overlapped moderately or strongly in ordination space. Individual
¢lements occupied distinct regions in ordination space when evaluated in contrasts with selected
regression models: eg. elements El4d {open microhabitats) and 12 (dispersal by animal
conveyance) when present with elements in model D1 (Figure 4.12): element M34 (dispersal by
animal ingestion) when present with elements in mode| ML (Fipure 4.13); element M33 ¢soil
meoisture) when present with elements in model M1 (Figure 4.13); and element M33 {dispersal by
prelonged dormancy) when present with elements in model M3 (Figure 4.13). However, dispersal
and environmental elements typically occupied proximate positions when present with elements in
the supenor models of species richness: M1, M3 and M3 (Figure 4.13). These results suggest that
while each model addressas unique regions in ordination space, the models in this study primarily

represent alternative ways of explaining underlying causal factors.
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Table 4.10. Summary of graphical evaluation of leading models of species richness. Legend: F =
environmental medel. D = dispersal model, M = mixed model. Minor overlap: <10% area of smaller
polygon: moderate overlap: 10-50% area of smaller polvgon: major overlap: =302 of area of smaller

polvaon.
Model DCA Ordination Space Degree of Overlap
El vs E2 overlap moderate
¥l ws 02 overlap major
b1 va M2 overlap minor
M1 vs M3 averlap moderate
ME vs M4 overlap moderate
M1 vs M3 wverlap moderate
W2 v M3 gverlap major
M2 vy M4 overiap maderate
M2 vs M3 averlap major
M3 vs b4 owverlap major
M3 vs M3 overlap major
M4 vs M3 overlap major
El vs D) averlap moderate
ETvs D2 wverlap major
El vs MI averlap major
El ws A2 owverlap maderate
El vs M3 overlap major
El vs M4 owverlap maderzte
El vs M5 overiap moderate
E2 vs Ol overlap mingr
Edvs D2 overkap minar
E2 vs Ml sepatate none
E2 vs M2 overlap moaderate
EZ vs M3 overlap major

[
e |
LIy



Table 4.10. Summary of graphical evaluation of leading models of species richness (cont’d).

Model DCA Crdination Space Dagree of Overiap

EZ ws B4 overlap moderate
EZ vs M5 averlap moderale
1 ws I overlap major

D1 vs b2 overlap minor

Dl vs M3 overlap maderate
Dl wvs M4 overlap moderate
D vs M5 averkap moderate
D2 vs ME averlap majar

D2 ws M2 overiap maderate
B2 ws M3 overiap motlerate
D2 vs bid averlap moderate
D7 vs M3 overlap maoderate
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Figure 4.12. Representative results from graphical evaluation of leading GLM models of species
richness, Legend: Minor Overlap: <!0% area of smaller polygon: Muoderate Overlap: 10% -
$0% area of smaller polygon: Major Overlap: »30% area of smailer polygon. See Table 4.14 for
description of regeession madels.
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Figure 4.13. Graphical evaluation of superior GLM models of species richness. Legend: M11
= mixed model, number 1, element 1. See Table 4_14 for descriptian of elements and models.
BCA = Detrended Correspondence Analvsis (ter Braak [987).
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The results of the graphical evaluation of the "superior” models of species richness are presented in
Figure 4.13. Modef | was the most distinct, based on the depree of overlap in ordination space.
whereas models M3 and M5 were the most similar. The portion of ordination space shared by all

thrae models was very small.

Shared elements among models have presumably contribuied to overlaps in ardination space when
present (e.g. D2 vs M1, M3 vs M3). The contribution of shared elements to similanities in the
fraction of variance explained by each model, however. is more difficult to discern. owing to the
degree to which the eiements in a given model co-vary. [nspection of the partial F statistics for each
mode}l {Tabie 4.i1) reveals that the caniribution of variables-in-common is largely context

dependent.

4.3.4 Contribution of Phyvlegeny

The variables that explain species richness in a given linear regression model may depend in part on
the taxonomic rank at which the relationships are examined. Varables that are significant, and non-
interacting. at one taxenomic rank may not retain this status at more inclusive tanks owing to a
reduction in the number of degrees of freedom. The regression models reported in Table 4.9 were
re-evaluated at the ranks of genus, family and order o determine their dependencs on rxonomic

rank. The results of the analysis for the superior models are reported in Tabie 4.12.

Asexpected. the vartance explained by a given model. and the guality of the statistical fit, declined
with taxonoemic rank. The number of interacting elements typically inereased with taxopomic rank
and, depending on the model, peaked at the rank of genus. family or order. The relative importance
of variables often depended on the taxanomic rank of the analvsis and elements in selected modeds
did not retain their significance at the more inclusive ranks. The mean number of taxa in a given

10m x 10ms quadrat was 42.3 species. 33.4 genera. 23.2 tamilies. and 19.0 orders.

The most apparent cause of the interactions reported in Table 4.12 is the progressive inclusion of
plant attributes at the higher taxonomic ranks (Table 4.13}. This tendency 1s most strongly expressed
at the rank of order, where mare than 50 % of the orders included more than one mode of dispersal,
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Table 4.11. Explanatory variables included in leading models of species richness {Table 4.9).
Legend: E = environmental model. D = dispersal model. M = mixed model, ALF = all life forras,
H = herb life form. See Table 4.9 for descriptions of moedels and summiary statistics.

Variable Model(s) Partial F p=F
¥ tree species El s [ & <0000 §
b2 7351 <0.0001
2% canopy closure El [3.2% <0001
E2 4319 ={1.0{101
b3 2033 ={1.0001
M3 G.Q2 00030
M 85l 40040
M3 1164 =[.0001
forest cover type El 17.96 <), 03 1
Tvld 4.29 4.0024
M3 6,99 <R.000 [
open microhabitats El 15.09 0.0001
H stetns O-<4 om dbh E2 31.08 =0.0001
WK 4879 =0.0{H
w4 640 =000
il 973 <000} ]
soil maisture class E2 1235 <00
M3 2241 <. 00
s0il parent material E2 8.10 =0, 0} ]
W3 T.28 4.0641
% unassisted means{ALF) i .36 <000 |
M2 69 fiul =0.0001
% animal conveyance {ALF) Di 46,135 <0000
hd 2266 =0.0001
% prolonged dormancy (ALF) DI 239 <0.000 |
M1 37,99 =0.004 1|
% unassisted means (H) 02 J2,6] <0000
MU 38.19 =000
% prolonged dormancey (H) D2 1239 =000
w3 18,00 <0.0001
nd il46 <0.000 |
%% ants (H) D2 19.99 <0.0001
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Table 4.11. Explanatory vanables included in Jeading models of species richness {cont™d).

Variable Muodelis) Partiai F p>F

% animal ingestion (H} D2 1438 0.0002

o3 15,63 0.0001
% stems sugar maple ML 9136 <0.0041
%% grasses M3 3458 =0.0001
soil order M4 3.08 (.0007
open regenerating fieids M 4.53 0.0347
Y wind [(H) M3 19.10 <{}.0801




Table 4.12. Contribution of phylogeny to superior models of species richness. Generalized lingar regression (GLM) inodels, by row.
Predicior variables are the pereentage of species, genera, families, or, orders, in 10m x 1m guadrats, with the specified attibute,  3qrt
= square raol; In p/y = In [{proportion )+{ | -proportion} ]; n.s. — nid signilicant (p=0.05), Al = % Laxa herbs dispersed by animal ingestion;
ASACC =% live stems =1m Aeer succharun, CC = % canopy closure; GRASS = %4 taxa grasses; MC = soil moisture class, PDH - %
1ax4 herbs dispersed by prolonged dormancy, PDT = % taxa dispersed by prolonged dormaney (all life forms), SPM = soil parenl material;
WIND = % 1axa herbs dispersed by wind; UNASS = % axa herbs dispersed by unassisted means, (-4 cn1 dbh = sgrt # stems 0-4 cm dbh.

One outlier, quadral # 160, removed from each model.

Maodel Response r n- P adj. | psW! interaction
Variable | Stadstic | Value

MODEL MI - SPECIES: % stems sugar maple + % axa sqrl # spp 123,54 | 00001 | 06393 088 o
herbs dispersed by unassisted means + % taxa dispersed by
prolonged dormaney (all life lorms)!
MODEL M1 - GENUS: % taxa dispersed hy prolongel # penern Y 6K o001 | 05996 N ni
dormancy {all lile forms} | % stems sugar maple + %% taxa
herbs dispersed by unassisted means?
BACIIED, M- FAMILY: %o i dispersed by prolonged ff Lnaatlics i 77 Gl [ o duRT | o2 ASALC & P
dormaney {all lile torms) + %% stens sugar maple + %% s ASACTC x LINASS
herbs dispersed by unassisted moans?
MODEL M1 - ORDER: % 1axa dispersed by prolonged # vrders 3916 00001 | 04787 | 006 ASACC x DT
dormancy {all life forms} + % stems sugar mapie + % tixa
herbs dispersed by unassisted means®
MODEL M3 - SPECIES: sqn # stems 0-4 em dbh + %5 1axa ST # spp 33.18 0.0001 | G.7119 | 045 no

grasses + % taxa herbs dispersed by prolonged dormancy + %
herbs dispersed by onimal ingestion + ¥ conapy closure +
furest cover 1ype’

282



tHC

(LS ) pupa A pasiadsip §quoy exen
97 + [ULINH Juaed 1108 | gqp W peg sitns i pubs 4 sse

P WD B0 X 3D [, cocs | 1onon 60 0E TG Ao 4 bypd up) amsopa Adouwa I YL = 0N TICION
sliatew wanad 105 4 s5Epe 2anlsio
Yyp w2 g X300 4 UqQP wa -0 swias g wbs + {byd up) amsayja Adoueay.
P wa -0 X W AR LEGLTD | 1IN 0ot RN pula A9 PasIndsIP SQIAY BX0L %, SN - S TR0
e juaaed pos « (had wp) aansoga
Adoues 4 st MINSIOW (108 3 Ygqp W - Swas §F 1abs
il 680 | corvo | oo | £oet [ dds g oubs p PR G pasandsip seuag e o GHLYAIS - SN TIUOW
o E) SARERIT NN 0y + Aunsoy? AdoleD
CEVHDIN |V ay 4 ad&) 12400 153107 4 uosHsaRW pEnne Sy passadsip
SSYUD X TIad SI el oy, + Aaunurop paifuopoad £ passadsip o)
Yp W -0 X 30 180 L R P LTV 3 e NI O gD WS peg SIS § 1IhS SHIIAEO - CN TTAOW
IV % (Tl {5 ) 5a55RaT exEl o 4 uosaBu
CSYHN ¥ Hid [rwiur Ay pasiadsip sgrmp i of o ansope Adourn oy 4
Yap w3 -0 X 0 ad £ ;Ao 1sa00g 4+ Sateuuop paSuo|oad £q pasiadstp sqimg
UqPp w2 -0 X FIOkI gL LEESTD | 000G Lyet saljnuey g BXE) S+ GP W3 p-g Stas jf ubs SR IINYA - TN TIA0W
L1 Jaa00 15710y
+ Ans0p> Adoued of 4. onsafm runue Ly pasiadsip sgray
o + 53s5T N o4 4 Sauntsiop pafuopead £y pasiadsip souo
SEVHD X H(ld Li'0 LERDD | 1000 Li¥ie HIAUAT ) X1 O+ YUYP WD -0 SWIS ¢ BbS SN - £ TTAA0OW
anpep | sy | agENeA
LOTHRI U] s | clpe a -d A asuodsayl [poj

(e ) ssauta sasads jo sjapow donsing o1 fusfopfagd Jo totngnn)) (g 2|qel,



Fic

TRUY G [ = PULs Ay Pasaadsip Sydm] BXE S, 04006 | =] $EeD JnIsIow

._w___“_HH_ ":..__._Rm _._:_ A0 D Adoymn L o~ T Wy E0) whs g 1abs TED =] el _._._u._m._"._. Fravs DRIMFSIEIS o] [eIT) MATHO W T:IOO0OW T

U Sy =0 Jpuay Ky pastadsip sgioy e ag ey ey =4 (prumew ualed ios

Q0 1= AP WO b Sops g 3hs et g= by u)) Aansops Adonus g ETef FSED 2IMSIOW [I0S SAISNES § R ATV SSIANTIO0W T

'R L —] (| RMU2IFW Waregd [FO5 STYQ | =] (NSEED PISIOW IGRY = Uqp

W ) $2Is g bs TR p— had u)) aaasops Sdoues v, '9f [p=, Jpulw A pasindsIp SqIay eXE] o [SINSHPIS | BT SN SN TIAOW 01

9oL = cJeraaew jnankd jros tpety =4 (bl 1) amsaps Adowes g gy (=

SN2 DINISION KIS 15 £ =] TUGD WD -0} SLUMS Aat] g UDS 10| f=- :pitss Aq pAsiaclsip sqion exey of, SSANSHMS o[ [T S LS 26 W TR0
[EU) $O P, ] SAESRIT ] 0 S Y] canso Adouwy g topn=f dA) 1340298000 08 =] ONSHTW [ewiue AQ pasiadsIp squn| ey

o5 ‘5 g T~ Aowmmntan paBuopoad {y pasiadstp sqian wxel a5 R0 DE= (YqP WD p-{) SWAS g LbS 1SINSHEIS .| [Ied IO SN A0
(SU} LG D= FSELIT UXEL 0 |4 9= wonsaFu) prune 4y pasiadsip sgang axe o4 1ggg=y) ansupd Adoue og o0 =] 204} 1a000

pat] Q=4 AaruLp pafluojoad 4g pasIadsIP SQIRY EXNE) O L ¢ RT=2] AT WA £ () SWANS Jbs sanshms ) (e A AV OO W
“RE G P A) 10000 0L LR =) NS0 Ao o, | p=3 (UONSEW (U &g pAsIadSIP ST o L6 FI= RASS T UNEL 6

S0 =] FSauRuLop paFuooId Sy PASIAUSIP SGIaY ENEL R 0= YR WA o Sms g abs sonshins o eidsg s nncio StwW CEIion

66 9= AT Inann a0 1Ty ee-of ey amso) e Sdoues o g g |- ) o nsaFup e {g pasaadsTp sqaey EXR) 04 008 = LADURIOp PaS |
-oatd £ passadstp sgioy Bee g (O] SRS BXE D ta Rt YYD WA -0 SWAIS DAL 4 Wbs SaNSDWS o (el SSULYLS EN IO
"GO H=,] SHEDW PNSISFRUN Aq pasixdsip sqio wxe) o L[ T'0] =

sapei ATRNS SWRS 308 U t0L Y= [(SULN agt) (1) Sxwmenop pafuojord £g pasiadsip uxuL 9, SIUSINIE § [RIMR] YIAHO T THO0W

LI =] o peqelskenn 4 pasidsIp Sq431 exXel 0 170" | £=

“aducu aEEns SWME AAN 45 1T pY=d (suna) 1] j1e) suenuop paiue|oid Aq passadsip UNe) ¢ [SNSHRIS ] [PIUEd ATINY ST IO
T ] 1= Sunout pasisseun £q pasiadsip sqiay uxe g g 1Bl

sagdiet 1mENS SWME DAL 04 *T 176 [ = [(SnUO] 3 {1e) Kxavniop paduc[oad A pasiadsip exE o ISHISIER o TR SN S TINCTACON
"6 £.6=4 (suuay agy e} Lsuewaop paiuaiod Aq passadsip

N 9 1G] RO=.] (SHES PASISSEUN £ pastadsip sqal wNm o tog o N RN SWdS aal] g SSSTIMS ] (Ftd SH IS A TIA0N

AN

ae e e *00 (U 5°0) prim Aq pessadsip sqeoy
0K NS wxr) o o ssepa angsioin 4 (hiad i) ansops Adoues 4 oyqp wn ¢

ANIM % b LOD § L99ST0 | 10D 1Lty Slapio -0 Swats g pbs 4 peuaew waied pos S - SN TIA0W

mjea ngeuT A
LIanaRL| Jasd | cTpe -d | asuodsay] i=poiy

(P, w02} ssampau ssinads (o spapow sotadns o SuaBo)dtd jo neimgaeay gy 2A99L



Table 4.13. Proporiion of taxa with selected plant atnbutes at progressively more inclusive
taxonomic ranks. Categories: Moisture Affinity: oblipate upland, facultative upland. facultative.
facultative wetland. obligate wetland: Light Affinity: Shade tolerance class | {very shade tolerant) -
class 3 (very shade intolerant); Mode of Dispersal: animal ingestion, animal adhesion, animal
conveyance, wind, prolonged dormancy, mechanical expulsion, unassisted means. Cell emries =%
classified taxa with specified number of attnbute catepones.

Taxonomic # # Attribute Categories

Rank classified

taxa 1 2 3 4 5 =1

WMOISTURE AFFINITY
Species 7 100 0 0 o N {
CGenus 4 4.5 (7.2 o 25 1.3 235
Farnily 16 46.1 224 5.1 1.9 (0.5 53.9
Order 43 289 (7.8 26.7 LI 13.6 7i.l
LIGHT AFFINITY
Species 266 10 0 0 0 0 0
Genus (71 813 120 33 0.6 0 18.7
Family 62 56.5 17.7 16.1 9.7 0 435
Order 43 267 17.8 3L 1N 133 73.3
MODE OF DISPERSAL
Species 413 BB 11.] 0.3 a.z o 1.9
(ienus 208 Ba.5 125 1.0 0 0 (3.5
Famiiy 77 8a.2 14.5 1.7 26 2.2 33.8
Order 45 423 20,0 22z 4.4 (N 57.8

I~
=]
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and. where more than 70 % of the orders included more than one maoisture or light affinity.

Taken together. these results reveal the medels of species rchness developed for this study are
sensitive to the taxonomic rank at which they arc assessed. This provides indirect evidenee that

phylogeny has contributed to the number of taxa recorded in 10m x 14 m quadrats in this study.

44  Discussion
i) Environmental Heterogeneity

Environmental heterogeneity. in this study. 15 spatial and temporal variation in conditions that
rovem the yernination, establishment. growth and reproduction of plants. When measured in
refation to traditional environmental variables. heterogeneity in the availability of moisture, mutricnts
and [ight explains up to 38.3% of the vaniance in species richness in 10m x 10m gtiadrais {Table 4.9
When measured in relation to microhabitars. heterogeneity in site conditions at the landseape scale
has facilitated the getmination and establishment of 38 3% of the sampled flora (138 species) that

was not recorded on closed. seasonally dry, forest loors. semnsu siricio (Appendix 3).

The contribution of microhabitats (o species richness was strongly seale dependent. Whereas 21 of
23 evaluated microhabitats contributed to differences in species richness at the quadrat scale (Table
4.4}, ouly 9 of 20 evaluated microhabitais coniributed 1o ditterences in species richness at the patch
scale (Table 4.3). [n conirast. whereas 38 of 39 habitars contained at least one unique species at the
quadrat scale (Table 4.4}, eniy 13 of 39 microhabitats contained at least one unique species at the
landscape scale. and only five of these contained five or more species not recorded elsewhere in the

forest undersiory (Table 4.6).

One apparent reason for this patiern is that the distribution of species has been constrained by
oppertunities for genminatian, establishment and persistence. In a spatially varizble envirenment.
differences in piant traits are expected o lead to pattern in the distribution of species and in the
composition of local plant assemblages. In this analytical setting, the probability of encounteting a

new speeics scales with the size of the sampled area and with the scale of heterogeneity in the local
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environment. The observed decline in the number of species restricted to a given habitag is
consistent with this scaling relationship. and. with the passive sampling effects associated with an
increasing sample size. This suggests that an iereasing proportion of the species capable of
geeupying & given habitat were recorded as the size ot the sampled area increased from quadrat to
patch to landscape. The sharp decline in the number of contributing habiiats in the transition fram
quadrat to paich suggests that much of the regional variance in environmental heterogeneity was

captured at the scale ot the forest patch,

Additional factors that mayv have contributed to this pattern of scale dependence include: the degree
of habitat specialization in the sampled flora: the thresholds used to differentiate continuous
environmental states into discrete habitat lvpes; the decision to evatuate the relationship at the habitat
level. and not in relation 1o more generalized categories: the sampling decision to lacate all eight
10m x 10m quadrats within a 35 tnetre radius of a fixed sampling point withineach forest patch: and.

plant dispersal.

The coniribution of dispersal to observed difterences in the distribution and compasition of plant
assernblages is less transparent. given the decision to sample plants rather than prapagules in this
study. Nevertheless, the repeated observation that most propagules fand in cluse proximity of the
maternal plant (Appendix 1 1) suggests that dispersal may rarely limit the availability of propagules
within 10m x 10m quadrats. on ecological time scales. 'This suggesis. in wrn. thar pattern in the
distribution of species at this spatial scale is controtled primarily by factors that govern germination.
establishment and persistence. Dispersal an the arder of decimetres to metres may also he sutficient
to sample all habitats with a given forest patch. on maost ecological time seales, since all elght

guadrats were [ocated within a 33 metre radius of a fixed sampling point.

Dispersal to pearby forest patches currently requires a mean dispersal rezch of 41m tol378m.
depending on the degree of forest cover i the landscape. Dispersal over this distance should not
pose an absolute constraint for taxa dispersed by birds and [arge mammals {38.5% of the sampled
flora) and for taxa dispersed by spores or winged and plumed seeds of low mass {proportion of wind-

dispersed taxa, 30.3% of the sampled flora, unknown). Such distances will be beyond the normal
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reach of species dispersed by other means, however. and, except for rare long-distance dispersal
events, the propagules of these species will remain wathin the current paich. Dispersal bevond these
distances is presumably a low-probability event for even the most mobile of species and thus plant
migration, rather than dispersal, is the more relevant consideration when evaluating the distiibution

of plants at the landscape scale.

Taken together. this reasoning suggests that the distribution and richness of plant assemblages in
these forests has been not been constrained by dispersal, given the length of time available, post-
glacially, for the dispersal and migration of tess mobile taxa. The number of species restricted to
a particular habitat. therefore. has been intluenced primarnly by the spatial and rempaoral scaie off

heterogencicy in the local environment and by the spatial scale of the analysis.

Heterogeneity. when measured as the number of microhabitats in a given 10m x10m quadrat. was
a significant but weak contributor to species richness {p=0.0007, rradj = 0.034, Table 4.1). The mean
number of habitats per 10m x 10m quadrat was 3.01 and ranged from one o ten habitats
{supplementary anal ysis not shown}. The weak explanation of variance suggests that diversity in the
nurnber of habitats is 255 important at this spaciai seale than the attribmes. and area. of the habitais

that are present

The habitats that contributed maximally to species richness. at every spatial scale. were closed
seasonally dry forest floors. open regenerating felds. and. apen lanes/roads (Tables 4.4.4.5.4.6].
These habitats siand in contrast 19 one another. with respect to available light. habitat structurs and
site history; and, to refated habitats in the forest understory. with respect to available moisture,
sithstrate. transience, and sampled area. Seasonally dev forest floors were more species rich than
open tanes/roads and open regenerating fields with respect 1o total species richness (255 species. 181
species, and 147 species. respectively, Appendix 11) but were far less species rich with respect to
mean-richness-when-present (31.1 species, 5(.7 species. and 38.0 species, respectively. supple-
mentary analysis not shown), When differences in habiat transience and area are taken inta account.
open lanes/roads and open regenerating fields are markedly species rich. by any measure. since the

lacter habitais are transient in time and individually gccupied only 1.3% of the 1otal sampled area
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{Table 4.4). whereas. clased seasonally dry forest floors persist for the life span of the canopy and

accupied 54.3% of the total sampled area.

Cine apparent reason for the large number of restrictad species in these hahitats is the suite of
adaptations required to germinate, establish, and persist io low and high light environments. One
plant trait that has been differentially favored in these habitats is mode of dispersal. Herbs recorded
vn closed. seasonally dry forest flgors were disproportionately dispersed by amimal ingestion
whereas herbs recorded on open [anes/roads were disproportionately dispersed by prolonged
dormancy {Table 3.11). In contrast, heths recorded in open regenerating Gelds were
disproportionately dispersed by the wind. [t may not be coincidental that herbs dispersed by these
modes arg the most mobiie taxa in these forests (Appendix 11} since the seed rain from mobiie taxa
i3 more likely w include a greater propertion of species from the sumounding landscape with the

capacity to establish in such habitats.

One habitat tactor that presumably contibuies to this patiern is available light at the soil surtace.
Establishment in dense shade. for example. has been shown to be facilitated by seed reserves that
enable seedlings to survive 10 the corvledon stage (Saverimuttu and Westoby 1996). This cnables
plants with large seeds to specialize on shaded conditions and to avoid the reduction in mean annua
fitness that arises when dormancy constrains the number of seeds produced in tavorable vears
{ Venable and Brown 1988). Selection pressure for the evolution of dormancy is therefore expected
to be weak in closed forest habitats. [n contrast. dormancy isexpected to be favored in open habitats
where the capacity for delayed germination enables plants to aveid unfavorable conditions and ta
specialize on conditions that maximize reproductive success {Rrown and Venable 1986, Cohen and
Levin 1987). Selection pressure far the evolution of dormancey in these environments is expected to
be greatest in smali-seeded annual and biennial plants since the cost of reproductive failure 15
extirpaiion. In keeping with these expectations. the number of herbs in this study dispersed by
prolanged dormancy increased with inereasing light availability and no herbs with an apparent

affinity for forested habitals were dispersed by proionged dormancy (Table 3.7).

The endency for herbs dispersed by proionged dormancy te oceur more frequently on open [anes
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than m open regenerating fields may also be due to differences in available light since leaf litter was
absent on the traveled portion of lanes but present in regencerating fields (personal observation). The
pertodie breakape of stems by passing vehicles and equipment, and the crushing of planis by tires,
may also be important since on lanes and access roads the mean height of plants dispersed by
prolonged dormancy was significantly lower than plants dispersed by wind or by both wind and
dormancy {mean minimum height = 17.3 em. 32.3cm and 32,3, respectively. p=y — 0.0097: mean
maximum height = 76.6 em, 133.2¢m, and 146.4 ¢m. respectively, p=¢ — 0.0001: supplementary
Wileoxon rank sum tests, based on data on stem heights presented in Gleason and Cronquist 1931,
not shown). The mean heights of plants dispersed by prolosged dormancy was also lower on open
lanes than in open fields, but not significantty so. [n general. however. herbs dispersed by prolonged
dormaney were signilicantly shorter than herbs dispersed by wind or by both wind and dermancy
(mean minimum height = 23.0 cm. 31.2 em and 30.0 em, respectively. pay = .0333: mean
maximum height =& 4cm. 121.7 cm. and 139.5 cm. respectively, p=y' = <0.0001). Taken together.
these results suggest that habital conditions in lanes and tields have favored the persistence of plants

with contrasting iraits that are causally or passively correlated with mode of dispersal.

i} Environmental vs Plant Correlates of Species Richness

Overall, plant attributes in this study explained more variance in species richness in 10m x 10m
quadrats that did physical attributes of the environment (r adj. = 0.6285. Model D1, versus - adj.
= 05833, Model E1. Table 4.91. Plant attributes that maximally explained differences in species
richness were mode of dispersal (r adj. = 0.5583). habirat affinity (" adj. = 0.4143). life form (r° ad].
=1{).3373), shade tolerance ( adj. = 0.3247) and moisture affinity (©° adj. =0.3013} {Table 4.8). In
contrast. envircnmental artributes that maximally explained differences in species richness were
stand structure {r adj. = 0.3483) and soils (¢ adj. = 0.3357) {Table 4.1). Significant but weak
predictors of species richness were lite histary (¢ adj. = 0.1313), human disturbance {c adj. =
0.1280), landscape variables (r° adj. = 0.0658) and environmental heterogeneity (r* adj. = 0.0337)
{Tables 4.1 and 4.8).

The tendency for plant amributes to explain more variance than physical atributes of the

environment was ttot unexpected. Plants in the forest understory sample spatial differences on the
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scale of centimetres and temporal ditferences over the course of a life span. whereas, apparent
differences in moisture, nuthents and light were measured or charactedzed on the scale of decimetres
to metres and over the course of one field season. The similarities inexplained vananee sugpests that
the scale of the environmental data was appropriate for the scale of heterogeneity inthe environment.
The overall fraction of explained variance. however, suggesis that impoertant factors may have been

wealkly charactenzed or overlooked.

Among plant attibutes. mode of dispersal explaned far mome vatiance than life form, shade
tolerance gr maisture affinity. One apparent reason fur this pattern is that the moisture affinity and
shade tolerance of taxa both varied in relation to mode of dispersal (p>y= = 0.02, and =0.0001.
respectively. supplementary log likelihood mtio tests. not shown). In contrast. only the shade
tolerance of taxa varied with life form (p>¢" =<0.0001 . the moisture affinity and shade tolerance
of classified species were notassociated (p>y = 0.42). Ditferences in moisture and light availability
are thus morte likely to be accounted for by modes of dispersal than by life form. or by moisture and

light affinity alone.

Mode of dispersal also explained more variance than habitat affinity (F ad). = 0.3583 versus 0.4143.
respectively, Table 4.8). The most apparent explanation for this pattern is that mode of dispersal
was also strongly comelated with calcium availability in the upper 135 em of the seil profile whereas
habitat affinity was not. Thus differences in moisture, nutrients and light are more |ikely 10 be

correlated with mode of dispersal than with habitar attinity alone.

The degree o which dispersal has contributed to ditferences in species richness was not resolved.
While there is indirect evidence of directed dispersal by birds in former canopy gaps. and by hirds.
marmmals and ants on disturbance features associated with former canopy gaps (tip-up mounds, treg
pits, logs, stumps, closed lanes). most propaguies appear to be dispersed at random and in close
proximity to the maternal plant {Chapter ). This sugeests that the distribution of plants in a given
10m x 10m quadrat has been determined primarily by factors that govern germination, establishment

and persistence.
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However, the number of species with a particular attribute in a given quadrat may be influenced by
dispersal since the seed rain from mobile tava is more likely to refleet the diversity of species inthe
surrounding region that are capable of establishing there. In keeping with this line nf reasoning, the
mean percentage of plants dispersed by animal ingestion in 10m x 10m quadrais was significantly
areater than the proportion in the florz as a whole (therbs: 1001 % vs 6.7 %, p>=(z: = 0.0001: all life
forms: 27.6 % vs 16.9 %. p>|2i = 0.0000%. This paltemn was also apparent in plants dispersed by
animal conveyance {all life forms: 15.8% vs9.7%. p> z- = 0.0000). These taxaare typically shade
tolerani and thus may be less constrained by understory conditians that specigs with an affinicy for
open habitats, Approximately 80% of the taxa dispersed by animal ingestion wers recorded on

closed. seasonally dry. forest floors.

The reverse pattern., however, was observed in plants dispersed by the wind (herbs: 10.1% vs23.4%.
p=iz. = 0.0000: all life forms: 29.69 % vs 30.5 %, p> z = 0.1034). This result was not expected
and may reflect differences in the dispersal reach of seeds relative o spores. since the proportion of
wind dispersed taxa approached their proportion in the sampled flora when ferms and ter allies were
included in the analysis. This pattern may aiso reflect a greater diversity in germination and
establishment requirements among wind than animal dispersed taxa. since only 67.6% of the species
dispersed by wind were found in canopy openings and only 49.2% were recorded in apparentiyv

favorable habitats such as open roads and open regenerating fields { Appendix 11}

On balance, these results suggest that iong-distance dispersal has enriched the proportion of species
dispersed by animal ingestion and animal conveyance. Overall species richness has been governed
by additional factors, however, since dispersal by animal ingestion was strongly assocrated with {ow
species richness in 10m x 10m quadeats whereas dispersal by wind was strong by associated with high

species richness {Table 3.16).

The degree to which dispersal and environmental factors accounted for a unique fraction of the
variance in species nchness was evaluated indirectly by detrended corespondence analysis (DCA).
The results of this analvsis suggest that while certain combinations of dispersal and environmental

variables may occupy distinct regions in ordination space., they primarily represent alternative ways

a0



of explaining the proximate mechanisms of causation. Modes of dispersal are thus swonaly
correlated with the habitat factors and plant waits thar povern germination, establishment and
persistence. Environmental variables, in tumn. are correlated with mades of dispersal that derermine
the composition 2nd size of the seed rain. the initial conditions that seeds and seedlings must

confront. and, therefore, who interacts with whom and with what intensity.

Inthese models (Figures4.12, 413 ), dispersal by animal ingestion was associated with soil moisture.
whereas, dispersal by the wind was associated with the number of tree stems in the -4 cm dbh class,
forest cover type, and soil parent material. In comrast, dispersal by prolonged dormancy was
associated with sugar maple abundance and dispersal by the wind, whereas dispersal by unassisted

meaans was associated with percent canopy closure.

Factors that may contribute to the correlation of environmental and dispersal variables include: i)
the predominance of short-distanee dispersal i plant communities {Portnoy and Willson 1993,
Fughes ef ¢l 1994} 31) a convergence of germination and dispersal biology. owing o the necessity
for prior gertnunation and reproductive success tor the transmission of dispersal alleles from parent
to offspring (Venable and Lawl{or 1980. Olivieri and Berper 1985, Venable ¢f ¢f. 1993, Cody and
Overton 1996); iii} the presence of habitat factors that tavor dispersal by sume modes but not others
{Cohen and Levin 1987, Venable and Brown 1988. 1993): and. iv) heterogeneity in local conditions
governing germination. establishment and persistence | Fowler and Antonovics 1981, Robettson er

al. 1988, Lechowicz and Bell 1991, Palmer 1990).

These factors suggest that the comribution of dispersal to species richness is both fundamental and
pervasive. The failure to find strong evidence of this contribution. therefore. may be due more w

the choice of methodology than to the impottance of dispersal, per se.

i} Forest Stand Structure

In this study, the enviconmental variables that maximally explained species richness were attributes
of forest stand structure: forest cover type (r adj. = 0.2763), number of wee species (r adj. =

0.26832), and, the relative abundance of sugar maple (r adj. = 0.2555) (Table 4_1). Stand structura
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variables explained more than 30% of the variance in species richness in 10m x 10m quadrats (Table

4.1) and were important elements in the superior medels of species richness {Table 4.9).

The capacity of forest stand structure to account for species richness (s due in part to the fuct that
measured attributes both respond to. and aiter. the spatial and temporal availability of moisture.
nutrients and light on the forest floor. As "consequence”. stand structure reflects the past infiuence
of physical and ecological progesses that govern the distribution and abundance of plants in the
forest understory. As "cause”. stand structure controls the spatial and temperal availability of light
within the forest canopy and on the forest floor (Minkler and Woerhtede 1965, Hom 1971, 1975,
Messier and Bellefleur 1988, Canham et al 1990, Canham o gf. 1994, Brewer | 980): moderates the
availability of nuetients and moisture in the rooting zone of forest soiis (Aber e al. 1991, Pastor and
Past 1986, Zinke (962, Crozier and Boerner 1984, 1986, Leininger and Winner 19488, Boerner and
Koslowsky 1989); determines the quantity and quality of coarse woody debris on the torest floor
(Harmon et eif. 1985, Hale and Pastor 1998): influences the probability and size of tree pits created
during wind-throw events {Putz et af 1983): and. intluences the timing and size of gaps in the forest

canopy (Lorimer ¢f «f. 1988, Lorimer 1989, Frelich and Lotimer 1991).

A= a causal factar. stand structure contributes io specics richness by providing spatial and ternporal
heterogencity in the form of logs. stumps. tree pits. tip-up mounds. raised root mars. and gaps in the
forest canopy. These features provide novel resources for the germination, establishment and
nersistence ot new species and for the co-existence of species already established on the forest floor.

The resulis of this study suggest that contnibution to cocxistence may be tar more important than the

contribution to richness per se.

At small spatial scales. habitat fearures created by the death of canopy trees provide novel and
alternative settings for the germination of propagules from nearby plants, and, the number of local
species is substantially enriched {Table 4.4}, At larger spatial and temporal scales. these {eatures
inereasingly represent alternative rather than novel habitat, owing to the apparent tolerance of plants
to conditions created by the death of a canopy wee (Figure 2.9). and. the number of new species

recorded an these features declines ( Tables 4.5 and 4.6). When viewed from the perspective of the
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forest patch, or regional landscape, the contribution of habitats created by the death of canopy trees

to species richness is strikingly modest relative to the contribution of the forest foor.

The predominance of shorn-distance dispersal in plant communities, however, suggests that the
appropriate spattal scalg for this aralysis is on the order of metres to tens of metres. At this spatial
scale, the availability of alternative habitat is expected 1o promote species coexistence by nereasing
the probability that there will be some place. or time. where competitors perform poorly or do not
survive and where populations of low abundance species may expand (Hutchinson 1961, Levin
1974, Warner and Chesson 1985, Comins and Neble L1935, Hurt and Pacala 1993). in keeping with
this expectation, more species in this study were recorded in canopy gaps (282) than on tip-up
mounds {180}, Togs (1207, pits {97} or stumps (64) { Appendix 11%. This suggests that species in the
understary of these {orests differ in their capacity to colonize or persist on these f2atires. and. thart
the principal contribution of habitats created by the denth or removal of canopy trees may be the

maintenance. rather than generation. of species richness,

The principal mechanism by which stand structure contnbutes to differences in species richness.
however. is by altering the spatial and tempaoral availabiiity of light within the forest canapy and on
the forest floor. For plants in these settings, the composition of the canopy matters. owing to
differences armong species in the arrangement of leaves and stems (Hom 1971, Brown and Parker
1994}, the transmission of light {(Canham ef al. 1994, the seasonal pattern of leaf expansion and
senescence (Brewer 1980}, the shade tolerance of seedlings and young saplings (Kobe er af. 1993,
Lusk and Reich 2000}, and, life span (Lorimer 1989). In the forests examined in this study, the
species that exerted the greatest control was sugar maple (supplementary correlation analysis not
shown: % stems dcer seccharum, % stems Fagus grandifolia. % stems Tsupa canadensis. %o stems
shade intclerant and very shade intolerant trees, %o stems wet-mesic or wet treas, % taxa in shade
tederanee class 1, class 2, elass 4, class 3). Although capable of casting a deeper shade than sugar
maple {Canham e af. 1994), beech and hernlock exerted litile influence over the availabilivy of light.

owing to their low density in the forest canopy.

In keeping with these patterns, the number of species in 1(m by 10m quadrats was strengly and
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negatively correlated with the abselute and relative sbundance of sugar maple. Sugar maple
abundance explained 25.6% of the overall variance in species richness (Table 4.1) and up t0 63.0%
of the varance in species richness in undisturbed quadrats on Brunisolic and Luvisolic soils
overlying calcarecus till (Figure 4.5). The diversity of wrees in the forest canopy. a strong comelate
of overall species richness in these [orests. and in forests elsewhere in glacfated eastern North
Ameriea{Braun 1950. Curtis 1939. Whittaker 19653, deciined sharply in the presence ol sugar maple

{Table 4.3}, and was up to 30% lower in stands on rmesic seils (Table 2.11).

Sugar maple achieved its highest abundance on mesic soils that were high in available calcium
(higures 4.5, 4.6, 4.7 and 4.9), This pattern (s commonly abserved in southern Ontana (Farrar
19935}, where sugar maple abundance is strongly associated with lime rich soils: in the mesic forests
of southemn Wisconsin (Curtis 1959). where sugar maple dominance and low canopy diversity are
associated with high levels of exchangeable calciumn the A, laver (36 t0 64 emal/ke ) and. inmesie
forests elsewhere in the Beech-Maple and Maple-Basswood forest regions {Braun [930), where
sugar maple dominance is strongly associated with glaciated soils that possess an argiilic B herizon
{Braun 1930, Brady 19%0). The correlation between suyar maple abundance and calcium rich soils
has also been observed in selected northern hardwood stands in nerthwestern Connecticut. where

the mortality of sugar maple seedlings and young trees is sharply lower than an nearby acidic soils
{Kobe er gf. 1993, Kobe 1996,

This pattern contrasts sharply with abundance of sugar maple elsewhere in its range, where it is
typically only one of several trees in the forest canopy. This is particularly e of the rich cove
forests of the Mixed Mesophytic, and Crak-Chestriut. forest regions which typically contain up te 30
or more canopy trees {Braun 1950) and an exceptionally species rich understory {Whittaker | 265).
The availability of base cations in these forests varies. Reported mean values for exchangeable
calcturn range from 3.3 emolkg in old growth stands in eastern Kentucky {(Muller 1982} o 1.93
cmol/kg tn mesic eutrophic cove forests on the North Caroiing Piedmont (Peet and Christensen
1980). These values are substantiaily lower than the mean concentration of available calcium in
sugar maple dominated quadrats in this study (8.9 cmol/kg) and the mean concentrations reported

by Curtis {1950} for exchangeable calcium in the A, horizon of sugar maple dominated forests in
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southern Wisconsin (32 to 64 emolfkg).

Exchangeable base cations have been identified as a potential contributing factor to species richness
in forests on the North Carolina piedmont (Peer and Christensen 1980). [n an analysis of 103
hardwood forest stands on soils of contrasting moeisture and feriility, total exchangeable base cations
(calcium + magnesium + potassium) explained 853% of the variance in species richness in 0.1 ha
plots. In mesic entrophic cove forests. the most species deh community, the mean concentration of
total base cations in the upper 10 cm of the soil profile was 1043 ppm. Calctum jons accounted for
75.0 % of this tatal. In keeping with cove forests elsewhere in the Oak-Chestnut forest region, the

stand with the highest species richness comained 29 species of trees.

[n contrast. total base cations in this stody explained only 2.5% of the overall varianee in species
richness (p>F=0.02) and did netexplain the variance in species fchness in undisturbed maple stands
on mesic soils overlying calcareous till. When two strong outliers were excluded from the analysis.
soil order explained 71.8% of the variance in specivs richness in these stands and 86.2% of the
variance 1 sugar maple abundance {measured as percent stems sugar maplel.  Sugar maple
abundance. in tumn. explained 69.9% of the variance in species richness. In keeping with cove forests.
specics richness was significantly higher in the quadrats with high tree diversity (mean # tree species
per quadrat: 9.4 species on Bruniselic soils versus <.2 species ot Luvisolic soils) and with low supar
maple abundance (mean % stems sugar maple per quadrat: 15, 1% on Brunisolic soils versus 76.7%
on Luvisolic soils). [n contrast to the cove forests, high concentrations of total base cations and
exchangeable caleium in the upper 15 em of the soil profile were associated with low rather than

high species richness.

Taken together, these results sugpest that species richness on mesic soils in the Peterborough area
1s poverned primarily by soil onder and by the percentage of sugar maple stems (=1 m) in the forest
canopy. [n contrast to the cove forests. calcium availability in Cntario stands is strongly correlated
with sugar maple dominance which in turn sharply limits the availability of light within the canopy
and on the forest floor. The mean concentration of base cations at which the transition to sugar

maple donunance and low species richness may oceur is not known, but in these forests. itappears
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to lie between 4.3 and 6.8 cmol/kg for avatiable caleium. and between 1795 and 2780 ppm for total
base cations. These values are substantially above those reported by Peet and Christensen (1930)

for cove torests on the North Carolina piedmont.

The capacity of soil order to explain observed differences in species tichness and susar maple
abundance requires further study. since the depree to which soil order stands for available caicium
in the preceding analysis is not known. A narrow reading would sugpest that properties other than
available calcium may be involved sinee soil order in this analysis explained far more variance in
species richness and sugar maple abundance than available calcium (71.8% vs 20.7%, species
richness; 86.2% vs 14.2%. sugar maple abundance: supplementary regression analysis not showny.
Caution and further analysis are required. however. sinee available ealcium explained 63.0% of the
variatice in sugar mapie abundarce when the analvsis was restricted to undisturbed sccond-growth

stands on Brunisolic seils (Figure 4.6).

Taken together. however, these results suggest sugar maple abundance, mediated by ditferences in
the availability of calcium. and potentially by unmeasured properties of differentially weathered
satls. 1s the principal contributor to species richness in closed-canopied forests on mesie soils. The
proximate mechanism by which this influence is exerted is primarily by control of the spatial and

temporal availability of light within the forest canopy and en the forest floor.

iv) Forest Frugmentation

The observation that larger areas. in general. contain more species than smaller areas has recently.

and critically, been explained in relation to three hypotheses:

1) the "habitat diversity” hypothesis (Williams 1943.1964), which argues that species number
15 governed primarily by environmental factors and thus larger areas typically have more

species because they have more habitats:

ii) the "passive sampling" hypothesis {(Connor and MceCoy 1979, Colemarn 1981). which argoes

that species number is controlled primarily by passive sampling of the species pool and thus
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larger areas typically contain more species because they represent larger samples:

i) the "area per s¢" hypothesis (Preston 1960, F942: MacArthur and Wilson 1963, 1967\ which
argues that when distance to the propagule pool 15 held constant, species number wrll be
governed prnimarily by extinetion rates: since these rates are inversely proportional to

population size. the number of species in a given sample will be proportional ta its area,

The fixed-area sampling design applied in this study provides a suitable context for an indirect test
{Gitberi 1980} of the area per se hypothesis. The passive sarapling and habitat diversity hypotheses
cach predict that no correfation should be found between patch area and species richmess., whereas.
the area per se hypothesis predicts that a positive correlation should be found (Kelly er af 1989).
The mechanisms underlying the passive sampling and habitat diversity hypothesis cannot be
distinguished by this test. however, since diverse rather than uniform habitats were sampled in this
study (Connor and MeCaoy 1979). Evidence of 2 nepative relationship batween extinetion processes
and area. however. would provide indirect support for the habitat diversity hypothesis since no
relation should be found if passive sampling were the principal or only causal factor involved

{Cantror and McCoy 1979).

The results of this study were not consistent with the predictions of the area per s¢ hypothesis.
Species richness in 0mx 10m quadrats was negatively [ rather than positively) corrclated with pateh
area (Spearman Rha: -0.2208, p>'Rho; = 0.0021} and explained less than 2% of the vanance in
specics richness in linear regression (Table 4.1). [n kecping with the habitat diversity hypothesis,
the number of microhabitats in 10m x 10m quadrars was positively correlated with species richness
{Spearman Rho: 0.2460, p> Rhoi = 0.0006) and environmental variables in multiple linear
regression explained 58.2% of the variance in species richness in 10m x10m quadrats {Takle 4,13
In keeping with the habitat diversity hypothesis. the number of taxs recorded primarily or
gxclusively in forested habitats {"Forest” and "Forest = Open”. sersa sectign 2.2.3.4) was negatively
correlated with patch area (Spearman Rho: - 0.2805. p=:Rho < (.0001). These species are mote
likely to persist in the forest understory than species of open habitats and thus provide an indirect

measure of past-settlement extinction rates in these Forests. The negative cormrelation of apparent
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extinction and patch ares is contrary to the prediction of both the aren per se and passive sampling
hypotheses. [n contrast to the predictions of the habitat diversity hyvpothesis, however, the number
of habitats in 10m x 10m quadrats did not increase with patch area (Spearman Rho: - 0.1949,
p=|Rho = 0.0068).

One apparent explanation for the failure of the area per se hypothesis in this study is the ameliorating
eftfect of dispersal on local extinction rates {Brown and Kodrik-Brown 1977, Hoelt 19923, Given
the predominance of short-distance dispersal in plant communities (Portnoy and Willson (993,
Hughes e @/, 1994, Appendix L1}. dispersal is expected 1o be a non-limiting process at the seale of
centimetres to metres. [n the presence of spatial and temporal heterogeneity. and non-limiting
dispersal, differences in plant traits should facilitaie persistence by ensuring that there will be some
place or time where competitors perform poorly or do nol survive and where populations of low
abundance may expand (Hutchinson 1961, Levin 1974, Wartier and Chesson 1983, Comins and
Noble 1983, Hurt and Pacala [995). Moreover, given that the distance over which plants compete
is an the order of centimetres to metres (Harper 1977, Pacala and Silander 1985_ 1987, Venable and
Brown 1993), the spatial aggregation of conspecifics resulting trom short-distanee dispersal should
sharply diminish the potential for competitive displacement by ensuring that most interactions in a
competing plant assemblage oceur between individuals of the same species (Schmida and Ellner
1984, Pacala 1986, Lavorel er @/ 1994, Rews er of. 1996). Under these conditions. extinction
processes in the forest understory should proceed slowly. And. sinee both immigration and
extinction operate primarily at the micre spatial scale, on ecological time scales. there is no apparent

reason why extinction processes should proceed more rapidly in forest patches of smaller size,

The failure to detect a positive correlation between species richness and patch area is consistent with
the few studies that have controlled for passive sampling {Harner and Harper 1976, Westman 1983,
Kelly er al. 1989, Holt 1992, Fukamachi ef al 1996, and Scariot 1999). These studies encompass
a wide vanety of habitats: pinyon-juniper communities in Utah and New Mexico; xeric shrublands
of the inner Channel [slands. California; beech forest and manuka scrub on islands in Lake
Manpouri, Mew Zealand; a successional field in Kansas; old growth forest reserves in the cool

temperate zone of Tapan; and, palm communities in isolated ferest fragments in central Amazonia,
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respectively. The study by Kelly ef af. {1989} is perhaps the most convineing demonstration af the

contribution of passive sampling etfects to species-area relations. since it was conducted on 1slands

an which the entire flora had been systematically sampled by proportional sampling {Quinm ar al

1987). The percentage of variation in species richness explained by island area declined from 32%

with proportional sampling to 17% (beech forest) and 10% {manuka scrub) with fixed-area sampies.

The latter results were statisticafly non-significant.

The negative correlation between habitar diversity and patch area in my study was unexpected and

may be due to the fixed-area sampling design. For example, whereas the number of habitats at both

the quadrat and pateh scale declined with area. the increase in the mean number of habitats from

quadraria parch was highly significant (p=iti = 0.0000: Wilcoxon signed rank sum test). This resuft

conforms to the more traditional partern when a peoportional sampling desipn has been used.

On balance. the evidence from this study supponts the view that the positive correlation that has

traditionally been found between patch area and species richness is due primarily to passive

sampling effects and to environmental heteropensity.

4.5

1.

I~

Principal Findings

Edaphic variables explained 35.6% of the varfance in species richness in 10m x 10m
quadrats. The variables that maximally explained differences in tichness were soil order

{r"adj. = 0.233Y, soil moisture (radj. = 0.247). and soil parent material (Cadj. = 0.220).

Stand structure variables explained 54.9% of the variance in species richness in 180m x10m
quadrats. The variables that maximally explained differences in richnass were forest cover
type (r'adj. = 0.277), # tree species >im (Cadj. = (.268), % stems sugar maple (r'adj. =
0.256), % stems sugar maple 0-4 cm dbh (radj. = 0.254), # wet-mesic. wet tree species > Im

(rfadj. =1.224), and, # live tree stems 0-4 em dbh (Fad). = 0.196).

The variance in species richness explained by sugar maple abundance was substantially

higher in undisturbed quadrats on Luvisclic or Brunisolic soils overlying calcareous till. In
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these settings. the percentage of tree stems (>1m) that were sugar maple explained 63.0 %

of the varianece in species richness in 10m x [ 8m quadeats.

Hurnan disturbance (lanes. roads. ditches. repenerating fields) explained 12 8% of the
variance in species richness in 10m x 10m quadrats. The variables that maximally explained
differences in richness were disturbed microhabitats {r-adj. = 0.08%9). open trails (r'ad). =

0.089, and open regenerating Belds (rad). = 0.079).

Environmental heterogeneity. when measured as the number of recorded microhabitats.

explained 3.4% of the vartance {n species richness in 10m x 10m quadrats.

Environmental heterogeneity. when measured as the contribution to species richness by
individual mietohabitats, explained the presence of 38.3% of the sampled [lora thai did not

oceur on closed. seasonally dry. forest floots. serse stricta.

dMicrohabitats that contributed maximally o species richness at the quadrar scale. when
present. were open lanes/roads {mean # unique species = 24.3). apen regenerating felds
{mean # unique species = 19.3); closed. scasonally dry. forest floors (mean # unique species
= 16.6). open riparian meadows imean # unique species = 15.3). and. closed, seasonally

moist forest floors (mean # unique species = 133}

Microhabitats that contributed maximally e species richness at the patch scale. when
present. were closed. seasonally dry. forest floors (mean # unique species = 17.1%. open
regensrating fields (imean # unigue species = [2.5). and open lanesfroads {mean # unigoe

species = 9.0).

Thirteen microhabitals contributed to species richness at the landscape scale (Le. contained
species that were not recorded in any other habitat). Microhabitais that contributed the
greatest number of species were closed. seasonally dry, lloars (17 species). open regenerating

fields (8 species), open lanes/roads (6 species). open canopy gaps on seasonally dry forest

302



floars (6 species), and, closed, seasonally moist. forest floars (3 species).

Patch size was negatively comrelated with species richness and explained 1.9% of the
variance in species richness in 10m x 10m quadracs. This pattern, and significant interactions
with important explanatory vanables such as soil parent matenal, soif order, and forest cover
type. were interpreted as evidence that patch size, per se, did not make an independent

contribution to species richness in this study,

The most apparent reasons for the failure of the area per se hypothesis 1o explain differences

i1 species richness wete the use of a fixed-ares sampling design to control for the effecis of

passive sampling. and. the spatial scaie at which extinetion processes operate on ecological

tirme scales.

Patch 1solatton, when measured as the mean distance to the nearest 8 forest patches.
measuered in 43" arcs. was negatively correlated with species richness and non-significant.
When measured as the percentage of forest cover within a 3 km by 5 km square centred on
the study site. path isolation was significantly and negatively correlated with species and
gxplained 6.6% of the variance in species richness.  The latter pattern was not regarded as
supporting evidenice for the MacArthur-Wilson hypothesis. owing to the strongly non-
significant relationship for the more direct test of the immigration hypothesis. and, o
significant pair-wise interactions berween percent forestcover in the landscape and imporiant

gxplapatory vaniables such as soil order and forest cover tvpe,

Dispersal explainad 35.8% of the varianee in species richness in [0m x 10m quadrats. The
variabies that maximally explained differences in richness were the percentage of taxa that
were herbs dispersed by animal ingestion (Fadj. — 0.397). ants {radj. = 0.333). and the wind
{r*adj. = 0.317).

Life history explained 13.2 % of the variance in species richness in 10m x 10m quadrats. The

variable that maximaily explained differences in richness was percentage of taxa that were
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perennial herbs (Cadj. = 0.132).

Provenance explained 26.8% of the variance in species richness in 13m x 10m quadrats, The
variable that maximally explained differences in richness was the percentage of (axa that

ware pacive herbs (Fadj. = 0.268).

Life form explained 33.7% of the variance in species richness in 10m x 10m quadruts, The
variables that maximally explained diitetences in richness were the percentage of taxa that

were grasses (radj. =0.273) and trees (Fad). = 0.263).

Habitat affinity explained 4 1.4 % of'the variance in species richness in 10m x 10m quadrats.
The variables that maximally explained differences in species richness were the percentage
of taxa classified as having an affiniey tor "open” and "forest” habitats (r"ad). = 0.338 and

0.262, respectively).

Shade tolerance explained 32.3% ot the variance in speeies richness in L0m x 10m quadrats.
The variables that maximally explained differences in richness were the percentage of taxa
classified as being very intolerant, and very tolerant, of shade {(r*adj. = 0.293 and 0.214,

respectively).

Moisture affinity explained 30.1% ofthe variance in species richness in 10m x 10m quadrars.
The vartables that maximaily explained differences in richness were the percentage of taxa
classified as having a facultative affinity for wetland habitats (radj. = 0.301). and the
percentages of taxa classified as having a facultative or obligate affinity for upland habitats

(r-ad). = 0.269 and 253, respectively).

In general, linear regression models composed of dispersal and environmental variables
¢xplained more variance than models composed of dispersal or environmental variables
alone. For example, mixed model M3 explained 71.2% of the variance in species richness

it 10m x 10m quadrats, whereas dispersal model Dt and environmental model El.
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respectively. explained ¢2.9% and 38.3% of the variance in richness.

A graphical gvaluation of alternarive models of species richness revealed that while
individual variables and models may occupy distingt regions in DCA ordination space.
dispersal and environmental variables primarily represent aliemative ways of explaining
underlying causal factors. The most apparent reason for this convergence is that dispersal
I$ 2 noti-limiting process at the scate of centimetres to metres. A further contributing factor
may the tendency for the dispersal and germination biology of plants to converge. owing to

the necessity of prior germination success for the ransmission of alleles tor dispersal,

The linear regression modets of species richness in this study are sensitive to the taxonemic
rank at which they are assessed. The variance in richness explained by a given model, and
the quality of the statistical fit. declined at progressively more inclusive ranks. The number
of interacting elements typically increased with taxonomic rank, and. depending on the

madel. peaked at the rank of genus. familv or order.

The most apparent cause of the interactions was the progressive inclusion of plant traits at
the higher taxonomic ranks. This iendency was most strongly expressed at the rank of order.
where more than 30% of the orders in the analy sis included more than one mode of dispersal,
and where more than 70% of the orders included more than one moistuce or light affinity.
Taken together. these patlerns were inferpreted a5 indirect evidence that phylogeny has

contributed g the diversity of taxa recorded in these forests.



50 GENERAI CONCLUSIONS

The principal findings and conclusions of the thesis are summarized befow. Specific findings related
1 the distribution of specizs. and to modes of dispersal. in refation 1o environmental variables are
reported in Chapters 2.5 and 3.3 respectively. Specifie findings related o the capacity of
cnivitonmental variables and plant traits to explain observed differences in species richness are

reported in Chapter 4.5,

I Herbs. unfike other life forms. were dispersed by every mode of dispersal recorded in these
forests. The reasons for this pattem are beyond the scope of this thesis but suggest in part
that the outer intzguments that evolved to protect the developing ovule in the angiosperms
have been responsive to selection pressure when subsequent modifications tacilitated
dispersal by various means (Stebbins 1974). The capacity to disperse by one or by many

modes. however. did not influence the number of habitats colanized by a given life form.

| B
4

The mode by which a given herb dispersed was often associated with the type of fruit i
possessed. Achenes. for example. were more likely to be dispersed by the wind than by other
mades, whereas. hetties and drupes were more likely to be dispersed by animal ingestion.
Seeds in capsules were more [ikely to be dispersed by mechanical expulsion and by animal
convevance, whersas, schizocarps were more Likely to be dispersed by adheston to amimals.
Nutlets were more likely to be dispersed by unassisted means and by prolonged dormeancy
in the sofl, whereas seeds in capsular fruits were mare likely to be dispersed by prolonged

dormancy in the soil and by animal conveyance.

The degree to which mode of dispersal was predetermined by the tvpe of frvit a herb
possessed was less clear. The berry, drupe, and silique were over-represented in herbs with
an affinity for forest habitats whereas the legume was over-represented {n herbs with an
affinity for open habitats. This tendency is consistent with some measure of control by fruit
tvpe. However, the colonization pattern for fleshy fniits may afso be explained, in part, by
the tendency of seeds of fruits ingested by birds to be excreted in tree-fall gaps and the
adjacent forest (Hoppes 1983, Malmborg and Willson 1988),
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Evidenee consistent with marginal or no control by fruit tvpe among herbs was more
pervasive. First, in contrast to the previous patier, the majorty of fruit types in this study
{achene, capsular. capsule. fodlicle. nutlet. schizocamp) were nof associated with the habitats
it which they are typically found. Second. most fruits of herbs in this study were dispersed
by several modes. The apparent exceptions were the drupe, which was dispersed by animal
tngestion: the silique, which was dispersed by unassisted means; and, the berry, which was
dispersed by animal ingestion and by animal canveyance. In contrast. the achene and the
capsule were each dispersed by every mode save one (mechanical expulsion and animal
ingestion, respectively). The latter fruit types were possessed by T0% of the herbs recorded

il this studs.

Third. the tendency tor certain modes of dispersal to he more frequent in some habitats than
others appears to be related more to germination constraints than o fruit type. For example,
the tendency for wind-dispersed herbs to be over-represented in open habitats. and undee-
represented but present in forest habitats, may be explained in part by the differential
germination suecess of large versus small seeds in deep shade (Salisbury 1942, 1974: Baker
1972, Lufiensteiner 1979. Mazer 1990, Saverimutio and Westoby 1996). In keeping with
this hypothesis. the reported seed mass for congeners of wind-dispersed herbs in this study
was consistently heavier for herbs with an aftinity for ciosed versus open hahitats {sensuy
ferer}. The statistical significance of this trend could not established owing to the small
sample size. [nasimilar tashion. the tendency for herbs dispersed by prolonged dormancy
to be associated with an affinity for open habitats may also be expiained by differential
germination suceess in open versus closed habitats (Brown and Venable 1986, Cohen and

Levin 1987, Venable and Brown 1988).

Taken together, the evidence from this study suggests that fruit type exerts little ot ne control
over the mode of dispersal of herbs in the forest understory. Further study of the understory
flora in the Great Lakes - St. Lawrence Forest Regton (Rowe 1972} is necessary, however,
in view of modest sample size {n=234 herbs} associated with this study. This pattern. if

widespread. is keeping with the finding by Westoby ef af. (1992) that mode of dispersal is
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rarely constrained by seed size. Taken together. these findings suggest that the habirats in
which plants establish will rarely be constrained by the way in which they disperse. This

greatly increases the range of soiutions (to ccological problemns) available to planis.

The composition of herb assemblages in sampled patches has apparently not been
constrained by the mode of dispersai. or at least. has not been constrained absolutely. Each
mode of dispersal was represented on each portion of the environmental gradients examined.
and. with few exceptions, in each type of microhabitat. The exceptions were 7 rare habitats
with moist or wet soil conditions: closed seeps: open seeps: closed. seasonally moist tree
pits: open. seasonally wet tree pits: open riparian marsh: open riparian thicker. Although
most mrodes were absent from at feast one 10m x 10m quadrat, each mode of dispersal was
present in all but one of twenty-four sampled patches. These patterns reveal that at least
some seeds from each functional group were able to reach most patches and to germinate in

the conditions recorded there.

The habitats in which a given herb was found. however. were associated with the mode by
which it dispersed. This suggests that certain modes ot dispersal. or traits correlated with
dispersal. may be favored in some habitats but not others. Herbs dispersed by animal
ingestion. for example. were strongly over-represented (relative to their proportion in the
sampled flora) in closed seasonally dry canopy waps, on open tip-up mounds. and in closed
seasonally dry tree pits. [n contrast, herbs dispersed by the wind were over-represented in
regenerating fields. and, herbs dispersed by prolonged dormancy were over-represented on
open lanes and access reads. Herbs dispersed by animal adhesion. ants, mechanical
expuision, unassisted means, and vegetative expansion were over-represented in at [eastone

of the habitats in which they were found.

The degree w0 which these patterns of association were caused by dispersal. or by plant traits
cotrelated with dispersal, could not be answersd with the sampling design applied in this
study. However, the habitats in which ceriain herbs were typically over-represented were

consistent with a distribution patiern that had been mediated by dispersal. The indirect
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evidence for dirgcted dispersal was strongest for herbs dispersed by birds and mammals:
i) patterns of colonization that were consistent with the foraging and seed-processing patterns
of frugivarous berds (Thompzon and Willson 1978, Willson 2f af 1982, Malmborg and
Willson 1988. Hoppes 1988); il) patterns of celonization that provided little evidence of
differential germination or persistence: e.g.. all fleshy-frsited herbs recorded in tree pits or
on tip-up mounds. logs. and stumps were abserved an torest floors. and, all but two fleshy-
fruited herbs recorded on forest floors were present in tree pits or on tip-up mounds. logs and
stumps; and, iii) patterns of distribution which revealed that the over-representation of
fleshy-fruited herbs on these teatures was due to the greater number of fleshy-fruited species

tather thar to a greater praportion of taxa that were able to colonize such habiiats.

The degree to which dispersal has contributed to the distnbution pattern of herbs dispersed
by other means is less certain, Herbs dispersed by the wind. tor example. were consistently
agsociated with open microhabitats and with human disturbance. While propagules with
wings and plumes may travel farther in these habitats than under a closed forest canopy
{Hughes ¢t al. 1994). the iendency for wind-dispersed herbs to be poorly represented in
forest habitats is equatly ar mare likely to be caused by differential permination success
arising from differences in seed weight (Salisbury 1942, 1974, Baker 1972, Luftensteiner
1979, Mazer 1990, Saverimuttu and Wesloby 1996). [n keeping with this line of reasoning,
wind-dispersed herbs with an affinity for "forest” habitats were recorded in significantly
more quadrats than were wind-dispersed herbs with an affinity for "open” habitats. This
pattern suggests that the distribution of wind-ispeesed herbs in the forest understory 15

constrained more by germination. establishment and persistence than by dispersal.

A similar case can be made for herbs dispersed by prolonged dormancy in the soil. I[n
keeping with recent models of the evolution of darmancy (Venable and Lawlor [ 980, Brown
and Venable 1986, Cohen and [.evin 1987, 1991. Venable and Brown 1988 1993 Rees
19963, more than 90% of the seed-poaling herbs in this study were species with an affinity
for "open” or "open + forest” habitats. and. none of the herbs with an apparent atfinity for

"forest” habitats was classified as a seed-banking species. Taken together. these panterns
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suggest that in forested habitats dispersal in time may be restricted to Fugitive species and
to sites of recent canopy disturbance. In keeping with this line of reasoning, herbs with the
capacity tor dormaney were significantly over-represented in the trace cover class (1-3
individuals} and under-represented in the higher cover classes. Herbs with the capacity for
prolonged dormancy were found in a wide varfaty of habitats. however. including closed
forest floors. This suggests that these herbs may persist in the understory of second-growth
forests for many years. For these herbs. the conditions required for germination and
establishment appear to be more limiting than the conditions required for persistence { Grubb

1977, 1988: Grime 1997).

The colonization pattem of herbs dispersed by ather tnodes was consistent with non-directed
dispersal and Factors poverning sermination. @stablishment and persistence. Longerdistance
dispersal of herbs dispersed by mechanical expulsion and by unassisted means is presumably
facilitated by animal mpestion since cach species has a sizeable North American range.
However, pattern resulting from such dispersal events was not detactable by the sampling

design appiied in this study.

Taken together. the indireet evidence from this study sugpests that distribution of herbs in
the forest understory is govemed more by differential germination, establishment and
persistence than by dispersal. The apparent exceptions are plarts dispersed by animal
ingestion and by ants. The tendency in this study for modes of dispersal to be associated
with particular habitats appears to be due more 1o plant traits that are comrelated with

dispersal than o the dispersal process per se.

The number and composition of plants tn the forest understory was stronply influenced by
the abundance of supar maple. Mean specics richness (all life forms) in undisturbed 10m
x 10m quadrats declined from 6.0 species in quadrats with <25 % stems {>1 m} sugarmaple
to 27.1 species in quadrats with =73% stems (=1 m) sugar maple. Associated with this
41.1% decline in mean richness was a marked rise in the proportion of prevalent species

{220% frequency) that flowered beforecapopy closure (35.2% to 35.6% ) and that were shade
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tolerant (54.9% to T2.7%).

Curtis (1959) has argued that the forest tloor is a demanding environment that requires
specialized traits for success and that it is the limiled set of species that possess those traits
that has led to the striking uniformity in species eomposition in the mesic hardwood forests
of eastern North America. In keeping with this hypothesis. 92.5% of the species that were
prevalent in the understory of southern mesic torests in Wisconsin were present in maple
dominated farests in this study. Traits that were prominent in each geographic region were

early spring flowering and shade tolerance.

Early spring flowering is one of several plant traits that have been associated with deep shade
i1t the torest understory. [n herbs with low shade tolerance, eariy flowering is assoctated with
an ephemeral (Spariing 1967) or winter annual (Rogers 19823 Life history. Each facilitates
et carbon gain by restricting the growth phase wo periods when the canopy is leaf ftee.
More commenly. however. the early flowering habit is associated with varving degrees of
shade tolerance that enables shoots and leaves o persist until mid to late summer {Sparling
1967, Rogers 1982). The latter combination of characters was more common in the
Peterborough area where only six of sixtyv-two carly flowering species were spring
ephemerals (Aflium iricoccim, Cawlophyiiton thatictraides. Cluytonia carofiniena. Dicentra
canadensis, Dicentra cucullaria. Erythroninm americarum), only one species (Gafium

gparing) was a knowi winter annual.

Related plant traits that may facilitate survival in deeply shaded habitats include winter-green
leaves { Bierzychudek 1982) and the initiation of shoot growth (Tavlor and Pearcy 1976) or
flower initials (Bierzychudek 1982) in early autumn. The former trait greatly extends the
period of carbon gain in species such as Carex plamtaginea, Hepatica acwtiloba.
Meatanthemum canadense, Tiarella cordifolia. Trientalis boreadis, Viola blanda. and Viola
rostraig, whereas the latter traits facilitate early spring growth and flowering in species such

as Alliwm tricoceum, Triflium grandiffiorum. Ariseema iripfnd{um, and Geraninm maculaium.



The capacity of piams to tolerate deep shade has been attnbuted to a suite of traits that
facilitate the capiure and processing of light energy ar the lowest net cost. Morphological
characters associated with shade piants include: thin leaves with 2 large surface area (Grime
1365} a higher proportion of chlorophyTl & relative o chlorophyll a (Boardman 1977); a
chloroptast with larpe prana stacks orented in more than pne plang (Beardman 1977 a
higher proportion of teaf nitrogen allecated to chlorophy I than to carboxylatmg enzymes and
other proteins (Seeman ef af. 1987, Wiinemets 1997, Lusk and Reich 2000); a rapid stomanal
response to changes in light intensity (Hicks and Cabot 1985). and leaves deployed in
horizontal. non-overlapping lavers (Grime 965, Hom 1971}, These wmits facilitate the
capture of energy in low light environments while minimizing the energetic cost to construet
and maintain plant tissue. The [anter (s perceived to be especially important since il results
in a lower leaf dark respiraiion rate and lowers the compensation point for net carbon gain
{Grime 1965, Loach 1967. Lambers er of 1983, Lusk and Reich 2000). These characters

were not scored directly in this study owing to the lack of a suitable data sel

The foregoing traits. and a large seed (Savenmuttu and Westoby 1996), are expected to be
ameng these essential tor germination. growth and reproduction on the forest floor. It is
more likely, therefore. that it is waits comelaied with dispersal. rather than the dispersal
process per 52, that fundamentally govern the disteibution of plants on the forest Aoor. One
important reason for this may be the necessity of prior germination and reproductive success

for the transmission of dispersal alleles from parent 1o offspring,

Sugar maple abundance on tnesic soils was signiticantly correlated with available calcium
{exchangeable calcium + free calcium carbonate) in the upper 15 em of the soil profile.
When differences in soil parent material. soil order. soil series. and site disturbance were
standardizad. avatlable calcium explained 42.1% of the variance in the number of sugar
mapie stetns (>lm) in 10m x 10m quadrats and 62.8%¢ of the variance in the percentage of
stemns that were sugar maple. In keeping with the caleium - mortality hvpothesis (Kobe et al.
1995, Kobe 1996}, calcium availability explained observed differences in the number of

sugar maple stems subject to shade stress and self-thinning. [n undisturbed stands on
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Brunisolic soils averlying calcarequs til, differences in available calcium explained 70.9%
of the variance i stem number in the 4-10 em Jbh size ciass and 22.3% of the variance in
stemn number in the F)-30 cm size class. The decline in explained variance with increasing
stem size s consistent with the decline in shade stress experienced by stems as they reach

the middle and upper layers of the forest canopy.

Unexpectedly, however. available calcium did not explain the variance in the number of
sugar maple stems (=1m) in the 0-4 ¢m class. These stems are typically the most deeply
shaded stems within the forest canopy. and therefore among the stems that would most
benefit from 2 calcium-mediated reduction in leat dark respiration rates. The soils in this
analysis were particularly rich in magnesium. however, and may be causing nutricnt stress
owing to an imbalance in base cations. To avoid antagonism in the uptake of potassium and
magnesium in sugar maple in the Quebee Appzlachians, Ouimet and Camire (1933}
concluded that the potassiumimagnesium ratio in the B soil horizen should be =1, To avoid
cal¢ium deficiencies associated with crown die-back. the calcium:magnesium ratio should
be = 4. In contrasi. the potassium:magnesium ratio was <] in approximately 30% ot the
quadrats in this analysis, whereas, the calcium:magnesinm ratio was < 4 in approximately
60% of the quadrats. In keeping with a cation imbalance hypothesis. the number of sugar
maple stems in the 0-4 cm dbh size class on these soils increased with increasing values of
the calciummagnesium. and magnesium:potassium. ratio. and. declined in the presence of

increasing magnesium.

Taken together, these results suggest that the abundance of sugar maple in the torest
undersiory may be limited by the availability. and ratio, of base cations in the soil. This
constraint was most apparent on mesic soils and suggests thai on the optimal pertion of the
moisture gradient sugar maple may be secondarily constrained by the avaifability of base

catons.

The data from this study suggests that many piants in the forest understory may be

responsive to differences in available caleium. Ephemeral spring herbs. for example,
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typically occurred on mote calewm rich soils (mean concentration = 6.9 emolkg) than plants
with persistent shoots that flowered prior to. oratter. canopy closure. Early spring flowering
plants with persistent shoots typically occurred on more calcium rich soils than plants which
flowerad mid to late season {mean concentration = 3.7 and 3.4 cmel/kg. respectvely). but
not significantly so. The shade talerant members of these functional groups. however,
accwred on soiis that were significantly more caleium rich than species with moderate and
low shade tolerance, This paitern suggests that plants in these forests bave partitioned the
calcium availability gradient in refation to the degree of shade stress to which they were

exposed.

The mechanismis) by which understory plants beneflt from calcium rich soils are presently
unresolved. Recent studies of cold temperate trees have found an association between foliar
calcium levels and dark respiration rates (McLaughlin er of. 1991, McLaughlin and Kohut
1992} and sharp reductions in the martality ol sugar maple saplings on calcium rich spils
(Kabe ¢t af. 1995, Kobe 1996). The greater availability of nitrogen on ealeium rick soils
{Dancer ef ¢f 1973} may be equally or more imporiant tor some species. however. and
studizs have recently been initiated in the U3, northeast to clarify the relative contnibution
aof calcium and nitrogen 1o tree growth and mortality relations (Dr. A. Finzi. Department of
Biology. Boston University. pers. com.: Dr. R.K. Kobe, Department of Forestry, Michigan

State University. pers. com.).

The greater availability of nitrogen may be particularly important for ephemeral spring herbs
since they fypically complete their life cycle betore the canopy ¢loses {Affjwm tricoccum. the
apparent exception, flowers mid to late summer). These species typically have a high light
compensation paint and a high saturation light intensity (Sparling 1967. Taylorand Pearey
1976} and may therefore have a greater physiclogical requirement for nitrogen than more
shade tolerant species. The reported affinity of ephemeral spring herbs for base rich. and
particularly calcium rich. soils (Curtis 1959, Rogers 1982) may theretore be due in part to

the greater availability of nitrogen on these sotis.
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For shade tolerant herbs, however, the principal mechanism may be a reduction in dark
respiration rate. The marphotogy and physiology of these species tvpically emphasizes the
conscrvation of reserves rather than photosvnthetic performance (Went 1957, Grime 1963,
Loach 1967) and thus may benefit more trom 4 reduction in dark respiration rate than from
a grearer availability in nitragen. Efficient use of high irradiance requires a high nitrogen
investment in carboxylating enzvmes and proteins responsible for photosynthetic electron
transport (Nunemets 1997).  Shade tolerant species. however. typically allocate
proportionally more leaf nitrogen 1o ehlorophyli than to carboxylation capacity {Seeman ez
. 1987}, This investment pattern is thought 1o be the primary reason why shade tolerant
species have a lower respiration rate per umit of leaf N (Lusk and Reich 2000) and an
intrinsically low photosynthetic plasticity (Niinemets 1997). In keeping with the latter
finding. experimental transfers of plants between high and low light environments have
shown that dark respiration rates can change much more rapidly than photosynthetic capacity
{Azcon-Bieto and Osmond 1983, Sims and Pearcy 1991}, Taken topether. these findings
suggest that shade tolerant plants on calcareous soils may benefit more from a reduction in

dark respiration rate than from a greater availability in nitrogen.

The contribution of envirenmental heterogeneity to species richness was strongly scale
dependent. Whereas 21 microhabitats contributed to a significant ditference in species
richness at the quadrat scale. only 9 microhabitats did so at the scale of the forest patch. In
keeping with this pattern, 38 of 39 microhabitats contained at least one unigue species when
evaluated at the quadrat scale whereas only 13 of 39 microhabitats did so when evaluated at

the landscape scale.

In a spatially and temporally variable environment. differences in plant traits are expected
to lead to pattern in lhe distribution of species owing 1o differemiial germination.
establishment and persistence. In this context, the probability of encountering new species
should scale with the size of the sampled area and the scale of heterogeneity in the sampled
enviranmeni. The observed decline in unique species at increasing(v larger spatial scales

15 consistent with this sealing relationship and sugpests that an increasing proportion of the
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species capabie of occupying a given habitat were recorded as the size of the sampied area
mereased from quadrat to pateh to landscape. The sharp decling in the number of
contributing habitats in the ansition from quadrat to patch suggests that a large fraction of
the regional variance in environmental heteroueneity was capluzed at the scale of the forest

paich.

It1 this study, habitat features created by the death or removal of canopy trees were an
important source of environmental heterogeneiiy at small spatial scales. Features such as
logs. stumnps. tree pits, tip-up mounds. raised root mats. and canopy openings provided novel
resources for the germination and establishment of new species and alternative habitar for
species already established on the forest floor. The latter process is expected to promose
species cpexistence by providing some place or time where competitors perform poarly or
do not survive and where populaions of low abundance mayv expand (Futchinson 1961.

Levin 1974, Wamer and Chesson 1985, Comins and Noble 1983, Hurtt and Pacala 1993,

In keeping with this expectation. these habitats were colonized by 86% of species recorded
onclosed, seasonally dry, forest floors, B2% of species recorded in moist or wet habitats. and
78% of species recorded in habitats created by humasn disturbance. However, the capacity
of species o colonize or persist on these teatures was not uniform: more species were
recorded in canopy gaps (282) than on tip-up mounds (180}, raised ract mars {138}, logs
(120), tree pits (97). and stemps (64). In these forests. the provision of alternative habitar
was far more prevalent than the provision of novel resources for new species since only 20%

of the species recorded on these features were not found elsewhere on the forest floor.

Taken together, these results provide support for the hypathesis that heterogeneity facilitates
the coexistence of species through the spatial and temporal scgregation. and diiferentiat
performance, of competing species (g.g. Levin [974. Chesson and Wamner 1981, Shmida and
Ellner 1984, Comins and Moble 1983, Warner and Chessen 1983).

Dispersal variables explained more variance in species richness in 10m x 10 quadrats than
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did environmental variahles {radj. = 0.6283. Model D1 versus radj. = (.5833. Model E1).
The statistical significance ot this difference ¢ould not be determined, however, owing 10
interactions among the explanatory variables. The degree to which modes of dispersal and
physical attributes ot the environment aceaunted for the same variance was subsequently
evaluated indirectly by detrended correspondence analysis (DCA). The results of this
analysis revealed that while certain combinations of dispersal and environmental variables
may occupy distinet regions in ordination space. they primarily represent alternative ways
of explaining the proximate mechanisms of causation. Modes of dispersal are thus strongiy
camelated with habitat factors and plant taits that povern vermination, establishment and
persistence. Environmental variables, in turn. are correlated with modes of dispersal that
determine the composition and size of the seed rain, the initial conditions that seeds and
seedlings must confront, and. therefere, who will interact with whom and with what intensicy

in competing plani assemnbiages,

The most apparent explanations for this carrelatian are: i) the predominance of short-distance
dispersal in plant communities (Portnoy and Willson 1993, Hughes ef of. 1994, Appendix
L1}): i) a convergence of germination and dispersal biology. at lacal spatial scales, owing
to the necessity of prior germination success for the ransmission of dispersal alleles from
parent to offspring (Venable and Lawlor 1980, Olivieri and Berger 19835, Venable er ol
1993, Cody and Overton 1996): 111) the presence of habitat factors that faver dispersal by
sume modes but not others (Cohen and Levin 1987, Venable and Brown 1988, 1993): and,
1%} heterogeneity in local conditions governing germination, esiablishment and persistence
{Fowler and Antonevics 1981, Robertson ef «f 1988. Lechowicz and Bell 1991, Palmer
1990},

Under these conditions, dispersal in the forest understory is primarily a non-limiting process
and pattern in the compesition and distribution of plant assemblages is due primarily to

factors governing germination. establishment and persistence.
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Dispersal is expected to have profound consequences for populaiions and communities sinee
it determines the size and composition: of the seed rain {Clark and ¥1 {993), determines the
initial conditions that seeds and seedlings confront (Schupp and Fuentes 19935). determines
who interacts with whom, with what intensity. and over what time scale {Atkinson and
Shorrocks 1981, Schmida and Eilner 1984, Pacala and Silander 1985, Pacala 1986, 1987,
Lavorel er af 1994, Rees ef al. 199¢). influences local extinetion rates by affecting the
probability that declining or extrpated populations are rescued (Brown and Kadrie-
Erown1%77). influences the rate at which plants colonize new habitat {Halpem ef @i, 199,
Matlack 1994, Kotanen 1997, Brunet and von Oheimb 1998) and the seguences in which
they arrive (Drake 1991, Fastie 1993). and. influences the level of gene flow between
popuiations and thus the degree to which netghboring plants are related ( Williams and Guries

1994} and genetic variatton is structured spatial v t Levin 1981, Hamrick ef @i, 1993, Hamrick
and Godr 19977,

This sugpgests that the contribution of dispersal to plant dynamics is both fundamental and
pervasive. The failure to find strong evidenee of this influence in the composition and
distribution of herbs tn the understory of sampled forests is therefore surprising. On
teflection. this result reflects both the nature of the dispersal process and the choice of

methodology for this study.

ff most seeds of most plants land within a few metres of the maternal plant, then the principat
cotittibution of dispersal to spatial pattern is the spatial aggregation of conspecifics and the
randomizationof neighbors in competing plant assemblages. Theory predicts that the former
patternshoutd facilitate the coexistence of species by increasing the frequency of competitive
interaciions amonyg conspecifics. whereas. the laiter pattern should enable populations of low
abundance to expand by increasing the probability of reversals in relative competitive
strength (Hutchinson 1961, Atkinson and Shorrocks 1981, Chesson and Wamer (951,
Shmida and Eflner | 984, Pacala and Silander 1985, Warner and Chesson 1983, Pacala 1986,
Lavorel er af. 1994, Rees ef ol 1996). The contribution of the [atter mechanism is expected

to increase with increasing dispersal distance from the matemnal plant and to be influenced
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by the scale of spatial and temporal heterogeneity in the local environment {Levin ez al.

1984, Comins and Nobel 1985, Chesson 1986. Pacala 1987, Lavorel and Chesson 1993),

This suggests that the principal contribution of dispersal to spatial pattern may occur at the
scale of the competing plant assemblage. The degree to which these micro-scale processes
have influenced the spatial distnbution of plants in the forest understory could not be
answered with the methodelogy applied in this smudy. The decisions at the outser of this
study to map plants rather than propagules. and o evaluate functional groups in relation to
rucrohabitats and environmental gradients rather than individaal species m relation to spatial
aggrepation and competing plant assemblages. precluded subsequent examination of these
matters when their potential significanee became apparent during preliminary analysis ofthe

data.

The interence that pattern in the composition and distribution of plant assemblages is due
primarily to differential germination, establishment and persistence. therefore. understates

the contribution of dispersal to plant dynamics and persistence at the micro spatial scaic.

Concluding Remarks

The patterns of colonization cxamined in this study suggest that the principal contribution of

dispersal to the spatial distribution. composition. and coexistence of species is made at the scale of

the compenng plant assemblage and at the scales at which environmental heterogeneity snables

populations of low abundance species toexpand. [f most seeds of most plants fand within cne to two

canopy diameters of the matemal plant, as the current literaiure suggests, then the prineipal

cantributions of dispersal to the spatial distribution, and coexistence. of plants may be the spatial

aggregation of conspecifics near the base of the maternal plant. and the randomization of neighbors

in adjacent competing plant assemblages. Paradoxically, but perhaps necessarily. the primary

contribution to species coexistence, and to reproductive assurance. s made at a spatial scale where

differences in the dispersal reach of evolved dispersal morphologies are minimized.

iie



In the forest understory, habitat feanures created by the death or removal of canopy trees are an
impartant source of environmental heterogeneity at small spatia] scales, Canopy openings. tree pits.
tip-up mounds, raised root mats, logs and stumps were widespread an the forest floor and apparenily
well within the dispersal reach of even the least mobile species. Evidence from this study suggests
that these fealures provide novel resources for new species and alternative habitat for species alreudy
established on the forest floor. The former contributes 1o species richness in the forest understory.
whereas, the latter may promote species coexistence by providing seme place or time where
competitors pertorm poorly, or do nut survive. and where populations of low abundance may
gxpand. [nthis sudy, the provision of alternative habitat appeared te be the more important process,
since anly twenty percent of the species recorded on these teatures were not found elsewhere on the

forest tioor.

Heterogeneity in site conditions provided novel habitai for 38.3 percent of the sampled tlora (158
species) that was not recorded on closed, seasonaliy ey, torest flogrs. sensu sericto. Habitats that
were the mast significant contributors to species richness were elosed seasonally dry forest tloors.
habitats created by human disturbance, and. habitats with moist and wet soils. Conditions in these
habitats contrast sharply with respect to relative availability of light. moisture. and substrate. and

provide the most apparsnt explanation for the distinctive flora associated with each serting.

The degree to which dispersal has contributed w ditterences in species richness was not resolved.
While there is indireet evidence of directed dispersal by berds in former canopy gaps. and by binds.
mammals, and ants. on disturbance features associated with former canopy gaps {tip-up mounds. tree
pits. logs, stumps, closed lanes), most propagules appear 1o be dispersed at random and in close
proximity to the parent plant. This suggests that the distributien and tichness of plants in a given
10m x 10m quadrat has been determined primarily by factors that govern germination. establishment

and persistence.

The capacitv for longer distance dispersal. however. may influence the composition of species with
a particular set of traits since the seed rain from mobile taxa is more likely to reflect the diversity of

specigs in the surrounding region that are capable of establishing there. The strongest evidence for
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this source of intluence was found in plants dispersed by animal ingestion and by ants_ In each case.
the mean proportion of plants in 10m x 10m quadrats dispersed by each mode was significancly
higher than their proportion in the flora as a whole, These taxa are typically shade tolerant and thus
inherently Tess constrained by understory conditions than species with an affinity for more open
hahitats. The low shade tolerance of species in open habitats may explain the Fatlure to find a similar

pattern tn plants dispersed by the wind.

Qverall species nichness, however, has been governed by other tactors. since dispersal by animal
ngestion was strongly associated with low species richness whereas dispersal by wind and by

prolonged dormancy was strongly associated with high species richness.

On balance, the principal contributors to ditferences in species richness have been the moisture and
base cation status of forest soils. The relative availability of these limiting resources has strongly
mfluenced the composition of the forest eanopy and the consequent soil-vegetation complexes have
mediated the composition and richness of species by controlling the spatial and temporal availability
of light on the forest floor. and. the availability of alternative habitats where competitors may

perform poorly or not survive and where populations ol low abundance may expand.

Un mesic soils, the most significant factor has been the absolute and relative abundance of sugar
maple. The number of species in 10m x 10m quadrats was strongly and newatively correlated with
each measure. Overall, sugar maple abundance explained 25.6 % of the variance in species nchness
and up to 63% of the vaniance in species richness on Brunisolic and Luvisolic soils overlving
calcarcous till. Mean species richness in undisturbed quadrats declined from 46.0 species inquadrats
with £23% stems (>1m) sugar maple to 27.1 species in quadrats with =73 % stems (>1m) sugar
maple. Associated with this sharp decline in specics richness was a marked rise in the proportion of

species that flowered before canopy closure and that were shade tolerant,
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Appendix 2. Summary of Plant Actributes by Species.

Legend: SPECIES: species code (see Appendix 3): # Qi number of quadrats (N=192} LF: life
tormn: T tree, § = shrub. ¥V = vine, F= fern, FA =fern ally. G = grass, H = herb; LH: life history.
A = annual, B = biennial. annual/biennial. P = perennial. annual/perennial, biennial/perennial; P:
provenance. N = native. A = alten, U = unknown; HA: habitat affimity. F = forest. FO = forest +
open. OF = open — forest, O = open: FRUIT TYPE: "arillate seed". "winged seed” (gyvmnosperms),
"spore” (homosporous spores of ferns and fern allies) are regarded as fruit types in this classifeation;
DISPERSAL MODES: Al = animal ingestion: FF = fleshy fruit; AA = animal adhesion: AD =
adhesive fruit: AC = animal convevance: EL = elaicsome bearing seed or fruit. NF = nut fruit: D
= prolonged dormancy: SF = long termn persistent seed pool: W = wind: ME = mechanical
expulsion: EM = explosive mechanism, WM = wind-push mechanisni. $M = splash-cup mechanism:
U = unassisted; MM = multiple modes; VE = vegetative expansion.

Sources: plant names and provenance: Morton and Venn 1990, Cody and Britten 1989: life form.
life history and fruit type: Gleason and Cronguist 1991.

References: {1} Alex 1992, (2) Arditti 1992, (3) Beattie and Culver 1981. {4) Beattic and Lvons
1975, (3) Beattie er af 1979, (6) Bell 1991. (7) Berg 1966, {8} Berg 1969, {9) Brodie 1933, (10}
Bulew-Olsen 1984, (1 1) Burnside «r «f, [996.(12) Cody and Britton 1989, (13) Comer 1976. (14}
Crockett 1977, (15) Culver and Beattie 1978, {16) Datlev-Hill and Johnson 1981, (17) Dore and
MeNelll 198G, (18) Elliott 1973 (19} Farrar 19935, (20) Fisher 1988, (21} Gaddy 1986, (22) Gawes
1940. {23) Gates 1941, {24) Gleason 1952. (25) Gleason and Cronguist 1991, {26} Graber and
Thomipson 1978, {(27) Gunther and Lanza [989. (28) Handel 1976, {291 Handel 1978ab, (30 Handel
ef i 1981 (31) Heithaus 1981, (32) Howard 1961. {33) Hitchcock 1971, (34) Livingston and
Allessio 1968, (35) Martin er o, 1951, (36) McDonald er wf. 1996, {373 McKay and Catling 1979,
(38) Montgomery 1977, {39) Montgomery Collection Test 1997, (40) Pudlo of of 1980, (40
Rasmusgen 1995, (42) Ridley 1930, (43) Roberis and Yankat 1991, (44} Savile 1933, (45) Savile
1979, (46) Semple and Heard 1987. (47) Sempie and Ringius 1983, (48) Sermander 1906, (49) Smith
and Reichman 1984, (507 Smith et o/ 1989, (51) Snow und Snow 1988, {32) Soper and Hleimburger
1982, (53} Sorensen 1986, (34} Stamp and Lucas 1983, 153) Suiles 1980. (36} Sciles 1989, (37}
Thompson 1980, {(38) Thompsen 1981, (39) Thompson and Willson 1979, (60) Thompson ¢r o/,
1997, (61 ) Trapp 1988. (62) Webb and Willson 1983, (63} Wein and Pickett 1989, (64} White and
Stiles 1992, {65) Whitney 1986, (66 Williams and Guries, (67) Willson 1986. 5T — see text Section
3.2.1
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APPENDIX 3

SPECIES CODES



Appendix 3. Species codes.

Species Code

ABIEBALS
ACERNEGU
ACERRUBR
ACERSACC
ACERSACN
ACERSANI
ACERSPIC
ACHIMILL
ADIAPEDA
AGRIGRYP
AGROGIGA
AGROSTOL
ALLITRIC
ALNUINCA
AMBRARTE
AMELARBO
AMELINTE
AMEL__SP
AMPHBRAC
ANEMCANA
ANEMOUIN
ANEMVIRG
ANTENEGL
APOCANDR
AQUICANA
ARALNUDI
ARCTMINU
ARISTRIP
ASARCANA
ASCLINCA
ASCLSYR!
ASTECILI
ASTECORD
ASTEERIC
ASTELANC
ASTELATE
ASTEMACR
ASTENOVA
ASTEPUNI

Scientific Name

Abhies balvamea (L.} Miller

Acer negundo L.

Acer rubrum 1.

Acer saccharum Marshall ssp. saccharum
Acer saccharinum L.

Acer saccharum Marshall ssp. sigramt (Michaux 1) Desmarais

Aeer sgicarum Lam,

Achillia millefatium L. ssp. millefolinm
Adiantum pedatiim L. ssp. pedatum
Agrimonia gryposepala Wallr,

Agrastis gigantea Roth

Agrastis stolonifera L.

Alltum tricoecum Aiton

Alnus incana (L.} Moench ssp. rugosa { Duroi) Clausen
Ambrosia artemisiifolia L.

Amelunchier arborea (Michaux £ Fern.
Amelanchier interior Nielsen
Amelanchier species

Amphicarpaea bracieata (L.) Fem,
Awemone cancadensis [

Arnemuone guirgefolia L.

Anemone virginigna L.

Anrennaria neglecra E. Greene
Apocvaum androsaemifolivm L. ssp. androsuemifolium
Agtiifesia canadensis L.

Aredia nudicantiv 1.

Aretivm minus (Hill) Bembh. ssp. minns
Arisaema triphyvifum (L.) Schott ssp. triptylites
Asarum canadense L.

Asclepias incarnata L. ssp. incornaia
Asclepias syriaca L.

Aster ciffolatus Lindley

Aster corddifofius L.

Aster ericafdes L.

Aster lanceolatus L.

Aster lateriflorus (L) Britton

Aster macraphyiius L.

Aster novae-anglioe L.

Aster puniceus L.
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Appendix 3. Species codes.

Specics Cade

ASTEUMBE
ATHYFILI
ATHYTHEL
BETUALLE
BETUPAPY
BIDEFRON
BOEHCYLI
BOTRMATR
BOTRMULT
BOTRVIRG
BRACLEREC
BROMINER
CALTPALU
CALYSEPI
CARDACAN
CARDNUTA
CARDDIPH
CARDPENS
CARFALBU
CAREALGP
CARCARCT
CAREBACK
CAREBEBB
CAREBLAN
CAREBREY
CARECEPH
CARECOMM
CARECRIN
CARECRIS
CAREDEWE
CAREDIGI
CAREGRAC
CAREGRAN
CAREHIRT
CAREHITC
CAREINTL
CARELANU
CARELAXI
CAREPECK

Seientific Name

Aster umbeflarus Miller

Athyrium filix-feming (L.} ssp. ungusm {Willd.) Clausen
Athyrivm thelypterioides (Michaux} Desv.
Berula affeghaniensiz Britton

Berula papyrifera Marshall

Bidens frondosea L.

Bovhmeria eviindrica (L.} Sw.

Botrvehium matricariaefolinm A, Braun ex Koch
Botrvehitem multifidum (S, Gmeliny Rupr.
Betrychium virginianum (L.} Sw,
Brachyelvtrum erectum (Schreber in Roth ex Sprengel) P Beauv,
Bromus inermis Levsser

Calthus palusiris L. ssp. perdisiris
Cafustegia sepium L.

Carduius acanthaides L.

Carduus nusans L.

Cardamine diphyila (Miche. ) A Wood
Cardamine pensyivanica Muhlznb. ex Willd.
Carex eifbursing E. Sheldon

Carex alopecoidea Tuckerman

Carex arctata Boott

Carex backii F. Boott

Carex hehbif (L. Bailey) Olney ex Fern.
Carex blanda Dewey

{Carex brevior (Dewey) Mackenzie ex Lunel]
Carex cephaloidea Dewey

Carex comatinis L. Bailey

Carex crinita Lam.

Cetrex cristarells Britton

Carex deweyana Schwein,

Carex digitalis Willd.

Larex graciflima Schwein.

Carex granufaris Muhlenb. ex Willd.

Carex hirtifolia Mackenzie

Carex Ritcheockiona Dewey

Carex imtumescens Rudpe

Carex lanuginosa Michaux

Carex laxifiorg Lam.

Carex peckii Howe
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Appendix 3. Species codes.

Species Code

CAREPEDL
CAREPENS
CAREPLAT
CAREPLAT
CARFPRAI
CAREFRQ]
CAREPRELI
CARERADI
CARERETR
CARERDSE
CARESFAR
CARESTIP
CARETENE
CARETRIB
CAREVULP
CAREWOOD
CARE 719
CARE 838
CARE B68
CARE R0
CARE 879
CARE_ OV
CARE_ 5P
CARYCORD
CAULTHAL
CEANAMER
CELASCAN
CERAFONT
CHIMUMBE
CHRYLEU
CICUBULB
CICUMACU
CINNLATI
CIRCALPI
CIRCLUTE
CIRSARVE
CIRSVULG
CLAYCARO
CLEMVIRG

Scieptific Name

Carex pedinculara Muhlenb, cx Willd.
Carex pensyivanica Lam.

Carex plantaginea Lam.

Carex platvphyfia 1.Carey

Cearex prairea Dewey

Cewrex projecra Mackenzie

Carex pseudo-cyperus L

Curex radiata (Wahlenb ) Small

{arex retrorsa Schwein.

Carex rosea Schk. ex Willd,

Carex sparganiofges Muhlenh, ex Willd.
Carex stipata Muhlenb. ex Willd,

Carex renera Dewey

Carex tribufoides Wahlenb.

Carex vulpinoidea Michaux

Carex waadif Dewey

Carex specimen D719

Carex specimen D838

Carex specimen DEO8

Carerx specimen DE70

Carex specimen D379

Carex sect. Ovales

Curex species

Carva cordiformis (Wangenh.) K. Koch
Canilophyiium thalicrraides (L Michaux
Ceanothis americanus L.

Celasirus scandens L.

Cerastivm fortenum Baumng. ssp, rriviale (Link) Jalas
Chimaphifa umbeflara (1) Barton
Chrysanthemum leuranthemum 1.
Cicuta bulbifera L.

Cicuta maculatum L.

Clana farifolia (Trevie, ex Goeppinger) Griseb. in Ledeb.
Circea ulpin L.

Circea futetiana L. ssp. canadensis (L.) Aschers.& Mapnus
Cirsium arvense (L.) Scop.

Cirsium vuigare (Savi) Ten.

Claytonia carofiniane Michaux

Clemaris virginiana L.
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Appendix 3. Species codes.

Species Code

CLINBORE
CONYCANA
CORNALTE
CORNFOEM
CORNRUGO
CORNSTOL
CORYCORN
CRAT_SPt
CRAT_SP?
CRAT_SP3
CRAT__SP
CRYPCANA
CYPRCALC
CYSTBULB
CYSTFRAG
CYSTTENU
DACTGLOM
DANTSPIC
DAUCCARD
DESMGLLUT
DIANARME
DICECANA
DICECUCU
DIERLONI
DIRCPALU
DRYOCART
DRYOCRIS
DRYOINTE
DRYOMARG
ECHILOBA
ELYMREPE
ELYMVIRG
EPIFVIRG
EPILCILI
EPILCOLO
EPILLEPT
EPILPARV
EPIPHELL
EQUIARVE

Scientific Name

Clinvanig boreafis (Aiton) Rafl

Conyza canadensis (L.} Crong.

Cornus alternifolio L.£.

Cornus foeming Miller ssp. racemosa (Lam.y 1.5, Wilson
Carmies regosa Lam.

Cornus stofonifera Michaux

Corviis cornute Marshall

Cretaegus species 21

Crataegus species 52

Crataegus species 43

Crataegius species

Crvptotaenia canadensis (Lo DC.

Crpripedium colveodus L.

Crstopteriy butbifera (L.y Bernh.

Crvstapteris fragilis {L.) Bernh,

Cvstopteris tenuis (Michaux) Desy.

Daervliz plomerata L.

Dantharia spicata {L.) P, Beauv, ox Roemer & Schultes
Panciis carofa L.

Desmodium glutinosum (Muhlenb, ex Willd.) DC ex Loudan
Dianthus armeria L.

Dicentra canadensis {Goldie} Walp.

Dicentra cuculiaria (L) Bernh.

Digrvilia lonicera Miller

Dirca palustris L.

Dryopteriy carthusiana (Villars) H.P. Fuchs
Dryopteris cristata (L.) Gray

Dryvapteris intermedia (Muhlenb. ex Willd,) A.Gray
Drvapteris marginalis (L) A. Gray

Echinocystis lobata (Michaux) Torrey & A.Gray
Ehvmus repens {L.) Gould

Ebymus virginicus L.

Epifagus virginfana (L.) Barton

Epilobivum ciliarum Ral.

Epilabinm coloratim Bichler

Epifobivm leptopindium Raf.

Epifobivm parviflorum Schreber

Epipactis hellehorine (L) Crantz

Equiserum arvense L.
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Appendix 3. Species codes.

Species Code

EQUIHYEM
EQUILAEV
EQUISCIR
ERIGANNU
ERIGPHIL
ERIGSTRI
ERIG__SP
ERYTAMER
EUPAMACL
EUPAPERF
EUPARUGO
EUTHGRAM
FAGUGRAN
FESTARUN
FESTPRAT
FESTRUBR
FESTSUBV
FRAGVESC
FRAGVIRG
FRAXAMER
FEAXNIGR
FRAXPENN
GALETETR
GALIAPAR
GALIASPR
GALICIRC
GALILANC
GALIORTU
GALIPALU
GALITRIF
GALI__SP
GENTANDR
GERAMACU
GERAROBE
GEUMALEP
GEUMLACI
GEUMRIVA
GEUMURBA
GEUM_ 5P

Scientific Name

Eguisetum hyemale L. ssp. affine (Engelm.) Siwone
Eguisetum laevigatim A. Braun

Equisetum scirpoides Michaux

Erigeron annuus (L) Pers.

Erigeron philadelphicus L. ssp. philadeilphicus
Erigeron strigasus Muhlenb, ex. Willd,

Erigeron species

Erpthronium americanum Ker Gawler ssp. americanum

Fupatorivm macufaium L.
Eupatorium perfoliatum L.
Enpatarium rugostm Houtt,
Euthamiu graminifadia (L} Nurt,
Fagus grandifolia Ehrh.

Festica arundinacea Schreber
Festuca pratensis Hudson
Festuca rubra L.

Festuca subverticilfata {Pers.) E. Alexeey.
Fragaria vesca L. ssp. amerivana (Porter) Staudt
Fragaria virginiona Miller
Fraxinuy americana ..

Fraxinus nigra Marshall
Fraxinus peensylvanica Marshail
Craleopsis tetrahir L.

Cralfum aparine ).

Cafivm aspreflum Michaux
Craftum circoezans Michaux
Craltum lanceafatum Torrey
Craltum obiusum Bigelow
Crailfum palustre L.

Craltum trifforam Michaux
Crafitim species

Crentiana andrewsii Griseb.
Creranium macufgium L.
Creranium robertiantim L.

Geum alfepicum Jacq,

Genm laciniatum Murray

Geum rivale L.

Greum urbanum L,

{renm species
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Appendix 3. Species codes.

Species Code

GLYCSTRI
GYMNDRYO
HACKVIRG
HEPAACUT
HIERALRA
HIERCAES
HYDRVIRG
HYPEPERF
HYSTPATU
IMPACAPE
IRISVERS
IRIS_SP
JUNCTENU
LACTCANA
LACTSERR
LACT_SP
LAPOCANA
LEERORYZ
LEERVIRG
LEONCARD
LIPALOES
LOBEINFL
LOBE__SP
LONICANA
LONIDIOI
LONIHIRS
LONIOBLO
LSYINUMM
LYCOAMER
LYCOANNO
LYCODEND
LYCOOBOR
LYCOTRIS
LYCOUNIF
LYSICILI
LYSITERR
MAIACANA
MAIARACE
MAIASTEL

Scientific Namec

Criveeriu striare (Lam.) A, Hitch.
Gymnocarpium dryvopreris (L) Newman ssp. dryopreris
Heckelia virginiana {1..) LM, Johnston

Hepatica acutiloba D,

Hieracium anranticoum L.

Hieraoium caespitoswm Dumodt, ssp. caespifosum
Fhvdraphvilum viretrianum L.

Hypertcum perforatum L.

Hysirix patula Moench

Impatieny capensis Meerb,

Tris versicolor L.

Iriy specics

Sncus tensds Willd.

Lactuca canddensiy L.

Leetuca serriode L,

Lactuca species

Laporteq canadenyiy (L) Wedd.

Leersia onzoides (L.} Sw.

Leersiq virginica Whilld.

Leonurny cardiaca L. ssp. candiaca

Liparis fveselii (L.) Rich. ex Lindley

Lobelia inflenta L.

Lobeliu species

Loniveru conudensis Bartram

fonicera divica L.

Lonicera hirsuta Eaton

Lonicera ablengifolia (Goldie) Hook.
Lysimuchia mimmidaric L.

Lycopus americanuys Muhlenb, ex Bartram
Lycopadium annotinum L.

Lycopodium dendroidenm Michaux

Lycopodivm ohscurum L ovar. obscurum
Lyvcopodivm fristachvum Pursh

Lveopus wuniflforus Michaux

Lysimachia ciliaz L.

Lysimachia terresiris (L.} Britton. Sterns& Pogg.
Maianihemum canadense Desl.

Maignthemum racemosum (L. Link ssp. recemosum
Maianthemum steflotym (L) Link
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Appendix 3. Species cades.

Species Code

MATTSTRU
MEDILUPU
MELIALBA
ME[ TQRFI
MENICANA
MENTARVE
MILIEFFU
MITCREPE
MITEDIPH
MONOHYPT
MONQUNIF
MUHLFRON
MUHLMEX]
ONOQCSENS
ONOBACAN
ORYZASPE
OSMOCLAY
OSMUCLAY
OSMUREGA
OSTRYVIRG
OXALSTRI
OXAL_ 5P
PANAQUIN
PANIACUM
PANICAPI
PARTINSE
PHALARUN
PHEGCONN
PHLEPRAT
PHLO_SP
PHRYLEPT
PICEGLAU
PILEPUMI
PINUSTRO
PLANLANC
PLANMAJO
PLANRUGE
POA_ALSO
POA_COMP

Scientific Name

Matteuceia struthiopteris (L.} Tod.
Medicago luputing L.

Meliforus afba Medikus

Meitlotus afficinalis (L.} Pallas
Menispermum canadense L.

Menthy arvensis L.

Lifivum effisum L.

Mitchella repens L,

Mitella diphella L.

Monotropa kypopithys L.

Monotropa unifiora L.

Muhienpergia frondosa (Poiret in Lam.) Fern.
Muhlenbergia mexicany (L) Trin.
Onoclea sensinifis L.

Onopardon acanthivm L.

Oryzapsis asperifoliv Michaux
Osmorhiza clavtonii {Michaux) C B. Clarke
Osmurda cleyioniand L.

Osrmenda regalis L.

Ostrva virginiana {Miller) K. Koch
Cadiy stricta L.

Cxeidis species

Panax guinguefolinm L.

Panictim acuminaium Sw,

Panicum vapiflare L

Parthenocissus insertr (A, Kemer: Fritsch
Phalaris arundinacea L.

Phegopreris connecriliv (Michaux) Wait
Phivum pratense L.

Phiox species

Phryma leptosiaehya L.

Ficea glaucae (Woench) Voss

Pilaa pumifa (L.} A. Gray

Pirtus strabus L.

Flantago lanceolata L.

Plantage major L.

Plantago rugelii Decne.

Poa ulsodes A. Gray

Poa compressa L.



Appendix 3. Species codes.

Species Cade

POA_PALU
POA_PRAT
POA_SALU
POA_ SP
PODOPELT
POLYACRO
POLYPAUC
POLYPERS
POLYPUBE
POPUBALS
POPUGRAN
POPUTREM
POTENORY
POTERECT
PREN_SP
PRUNSERO
PRUNVIRG
PRUNVULG
PTERAQUI
PYROELLI
QUERALBA
QUERMACR
QUERRUBR
QUER__SP
RANUABOR
RANUACRI
RANUHISP
RANURECU
RILAMALNI
RHAMCATH
RHUSRAD!
RHUSTYPH
RIBEAMER
RIBECYNO
RIBEGLAN
RIBELACU
RIBERUBR
RIBETRIS
RIBE 827

Scientific Name

Poa palustris L.

Poa pratensis L. ssp. prafensis

Poa saltwensis Fern. & Wieg.

Poa species

Podaophylium peliatum L.
Palystichum acrostichoides {Michaux.) Schott
Polygata putcifolic Willd,
folygonum persicaria L.
Polvgonatum putiescens (Willd,y Puesh
Popridus bafsamifera L.

Poprifus grandidenrata Michaux
Pamidus fremudoides Michaux
Potentilla norvegica L.

Porentilia recta L.

Prenunthes species

Prupis seraring Ehrh.

Prunus virginfand L. spp. virgintana
Prunella vulgarts L.

Preridium aguifintm (L) Kuhn
Pyrofa eflipiici Nutt.

Quercus alba L.

Cmercus macrocdrpa Michaux
{hrercus rubira L.

Chercus species

Rarunculus abortivas L.

Ranuncudus acris L.

Ranuncufus hispidus Michaux
Rantnculus recurvaivs Poiret ex Lam.
Rhamnus alnifolia L'Her.

Rhamnus cathartica L.

Rhus rudicans L. ssp. negundo (E. Greene) McNeill
RAus ryphina L.

Ribes americanum Miller

Ribes cymoshati L.

Ribes glandulosum Graver

Ribes lacusire {Pers.) Poiret

Ribes rubrum L.

Ribes triste Pall.

Rihex specimen D827
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Appendix 3. Species codes.

Species Code

ROBIPSEU
ROSABLAN
ROSAPALU
RUBUALLE
RUBUIDAE
RUBUOCCI
RUBUODOR
RUBUPUBE
RUBU_840
RUDBHIRT
RUMEORB!
SALIBEBB
SALIDISC
SALIERIO
SALIPETI
SAMBCANA
SAMBRACE
SANGCANA
SANIMARI
SANITRIF
SANI__SP
SCHIZPURP
SCIRATRO
SCUTLATE
SICYANGU
SILEVULG
SMILHERB
SMILHISP
SOLADULC
SOLIALT
SOLICAES
SOLICANA
SOLIFLEX
SOLIGIGA
SOLLJUNC
SOLINEMO
SOLIRUGO
SONCARVE
SONCGLER

Scientific Name

Robinia psendoacacia L.

Rosa blanda Alton

Rosu palustris Marshall

Rubus alfegheniensis Porter
Rubus fdaeus L.

Rubus oecidentalis L.

Rubus odoratus L.

Rubus pubescens Rat.

Rubux specimen DE40
Rudbeckia hirta L.

Rumex orbicutatus A Gray

Salix bahbiana Sarg.

Salix divcelor Muhlenh,

Salix eripcephaia Michaux

Saikx pefiolaris Smith

Sambucus canadensis L.
Sambucus racemesa L. ssp. pubens |Michauxy House
Sanguinaria canadensis L.
Sanicula marilandica L.
Sanicula wrifatiata Bickn.
Sanicula species

Schizachne purptirasceny {Torrey) Swallen ssp. purptorascens
Scirpues arrovirens Willd
Sewtelfaria lateriflora L.

Steyoy angpulatus L.

Silene vulguris (Moench) Garcke
Smifex herbacea L.

Smiifeoe hispida Muhlenb.
Solanum dulcamera L.

Sofidage aftissima L.

Solidago caesia L.

Salidago cunadensis L.

Solidago flexicantis L.

Solidage giganiea Aiton
Sofidago juncea Atlon

Sofidugo nemoralis Aiton
Soliclago rugosa Aiton ssp. rugosa
Sonchus arvensis L.

Sonchus oleraceus L.
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Species Cade

SPHENINTE
STELLONG
STREROSE
TARAQFFI
TAXUCANA
THALDIOI
THALPUBE
THELNOVE
THELPALU
THUJOCCL
TIARCORD
TILIAMER
TRAGDUBI
TRIEBORE
TRIFREPE
TRILEREC
TRILGRAN
TRICAURA
TSUGCANA
TUSSFARF
TYPHLATI
ULMIUIAMER
URTIDIGR
URTIDIOT
UVUILGRAN
VACCANGL
VERBHAST
YERBTHAP
VERBURTI
YEROQFEF]
VEROSERP
YIBUACER
VIBULENT
VIBUOPUL
VIBUTRI
VICICRAC
VIOLAFFI
VIOLBLAN
VIOLCANA

Scientific Name

Spenapholis intermedia (Rydb.) Rydh.
Stellaria longifolia Muhlenb. ¢x Willd,
Streptopus rovens Michaux
Taraxacum officinale G. Weber

Tmeus canadensis Marshall
Thafictrum dicicum L.

Thalicerum pubescens Pursh
Thehypreris novehorucensis (L) Nieuwl,
Thelypteris palustris (Salish.) Schott
Thuja sccidentalis L

Ttarella cordifplia L.

filia americana L.

fragopagon dubius Scop.

Trigntalis horealis Raf. s5p. borealis
frifolivm repens L.

frifiivum erectum 1,.

Trififum grandiflorum (Michaux) Salish,
Trigsteum aurantigerm E. Bickn.
Tsuga canadensis () Carrierg
Tuxsilago farfara L.

Nyphu larifolia L

Eriris americana L.

Lrrica dinica L. ssp. gravifis

Urtica dicica L. ssp. divicu

Lvularia grandiflora Smith
Vaccinium angusiifolfum Aiton
Verbena hastata L.

Ferbascum thapsus L.

Ferbena urticifolta L.

Veronica officinalis L.

Feronica serpilifolia L.

Fibirnum acerfolivm L.

Viburnum lentago L.

Viburnim oplifus L.

Viburnum irilobum Marshall

Vicia craceu L.

Viola affinis Le Conte

Viola hlanda Willd.

Viola canadensis L.
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Appendix 3. Species codes,

Species Code

VIOLCLCU
VIOLLABR
VIOLPUBE
VICLROST
VIOLSORD
VITARIPA
WALDFRAG

Scientific Name

Fiofa cucnliaia Aiton

i'iofa labradarica Schrank

Fiola pubescens Aiton

Viala restrata Pursh

Fioda serorig Willd.

Fiter riparie Michaux

Waldsteinia fragarfoides (Michaux) Traut.
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APPENDIX 4

DISTRIBUTION OF SPECIES BY SOIL PARENT MATERIAL,
SOIL ORDER, SOIL MOISTURE AND CANOPY CLOSURE
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Lepend

Column Heading  Pescription Unit
#02 # quadrats # quadrats
GF Glacio-fluvial parent material # quadrats
CT Calcareous till parent material % quadrats
LAC [.acustrine parent material # quadrats
Co Calcareous outwash parent material # quadrats
B Brunisol soil order & guadrats
GB (Hleved Brunisol soi] order # quadrats
L Luvisol soil order # quadrats
GL. Gleved Luvisol soil order ¥ quadrats
G Glevsolic soil order # quadrats
sD Seasonally dry depressions # quadrats'
SM Seasonally moist depressions # quadrats'
S Seasonally wet depressions # quadrats'
QC Open canopy # quadrars-
CC Clased canopy % quadrats

Nugies:

1. Frequency based on presence in drv. moist and wet microhabitats, respectively: frequency

may not sum o number of quadrats recorded in column 2 (R#Q) since accurrences on logs,
siumps, maised root mats. lanes. ditches and regenerating fields were not included.

1t

Frequency based on presence in open and closed microhabitats. respectively: frequency may
not sum to number of quadrats recorded in column 2 (#Q)) since species sometimes present
in both open and closed microhabtats in the same quadeat.
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APPENDIX 5

LISTING OF SPECIES BY MICROHABITAT
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Appendix 3. Listing of species by microhabitai. Species codes presented in Appendix 3.

CLOSED
CANOPY

L. Dry Floors
(o=165 species)

ABIEBALS
ACERNEGL
ACERRUBR
ACERSACC
ACERSACN
ACERSANI
ACERSPIC
ACTAPACH
ACTARUBR
ACTA _SP
ADIAPEDA
AGRIGRYP
ALLITRIC
AMELINTE
AMEL _8SP
AMPHBRAC
ANEMYIRG
APOCANDR
AQUICANA
ARALMUDI
ARCTMINU
ARISTRIP
ASARCANA
ASCLSYRI
ASTECILI
ASTECORD
ASTELATE
ASTEMACR
ASTENOVE
ATHYFLL
ATHYTHEL
BETUALLE
BETUPAPY
BIDEFRON
BOEHCYLI
BEQTRMATR
BOTRMULT
BOTRVIRG
BRACEREC
CARDDIPH
CAREALBU
CAREARCT
CAREBACK
CAREBLAN

CARECOMM
CARECRIS
CAREDEWE
CAREDIGH
CARFGRAC
CAREGRAN
CAREHIRT
CAREHITC
CAREINTU
CARELAXI
CAREPECK
CAREPEDL
CAREPENS
CAREPLAN
CAREPLAT
CARERADI
CAREROSE
CARESPAR
CARETENE
CAREWOOD
CARE__ (W
CARE__SP
CARPCARD
CARYCORD
CAULTHAL
CELASCAN
CERAFONT
CHIMUMBE
CINNLATL
CIRCALPI
CIRCLUTE
CLAYCARO
C1INBORE
CORNALTE
CORMNFOEM
CORNRUGO
CORNSTOL
CORYCORMN
CRAT_SPI
CRAT 592
CRAT_SF3
CRAT_SP
CRYPCANA
CYSTBLULR
CYSTFRAG
CYSTTENU
DACTGLOM
DANTSPIC
DESMGLUT

DICECANA
DICECUCU
DIERLONI
DIRCPALL
DRYOCART
DRYOCRIS
DRYQINTE
DRYOMARG
EPIFVIRG
EPIPHELL
EQUIARVE
EQUIHYEM
EQUILAEY
EQUISCIR
ERIGANNLU
ERIGPHIL
ERYTAMER
EUPARUGO
FAGUGRAN
FESTSUBV
FRAGVESC
FRAGVIRG
FRAXAMER
FRAXNIGR
FRAXPENN
GALESPEC
GALIAPAR
GALICIRC
GALILANC
QALIOBTL
GALITRIF
GALl_SP
GERAMACL
GERARCBE
GEUMALEP
GEUMCANA
GEUMLAC!
GEUMURBA
GEUM__SP
GLYCSTRI
GYMNDRYO
HEPAACLT
HIERAURA
HIERCAES
HYDRYIRG
HYPEPERF
IMPACAPE
LAPOCAMA
LONICANA
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LONIDICI
LONIHIRS
LYCOANNG
LYCODEND
LYCOOBOB
LYSINUMM
MAIACANA
MAIARACE
MAIASTEL
MATTSTRU
MEDILUPL
MENICANA
MENTARVE
MILIEFFU
MITCREFE
MITEDIPH
MONOHYPO
MONOUNTF
ONOCSENS
ORYZASPE
QSMOCLAY
OSMUCLAY
OSTRVIRG
OXALSTRI
PANAQUIN
PARTINSE
PHEGCOMN
PHLO__SP
PHRYLEPT
PICEGLAL
PILEPUM
FINUSTRD
FOA_ALSO
POA_COMP
POA_PALU
POA_PRAT
PODOPELT
POLYACRD
POLYPAUC
POLYPUBE
POPUBALS
POPUGRAN
POPUTREM
PREN 3P
PRUNSERO
PRUNVIRG
PRUNVELG
PTERAQUI
PYROELLI

QUERALBA
QUERMACR
QUERRLUBR
RANUABOR
RANUACRI
RANURECU
RHAMALNI
RHAMCATH
RHLUSRADI
RIBEAMER
RIRECYNO
RIBEGLAN
RIBERUBR
RIBETRIS
ROBIPsEL
ROSABLAN
RUBL'ALLE
RUBUIDAF
RUBLIOCCI
RUBLQDCOR
RUBUPUBE
SAMBCANA
SAMBRAPL
SANGCANA
SANIMARI
SANITRIF
SANI_SP
SCHIPURP
SMILHERR
SMILHISP
SOLADLLC
SOLIALTI
SOLICAES
SOLICANA
SOLIFLEX
SOLINEMO
SOLIRUGO
SPHENTE
STREROSE
SYMPALBU
TARAQFFI
TAXUCANA
THALLHOE
THELNOYE
THELPALU
THUJOCCT
TIARCORD
TILIAMER
TRAGDUSI



Appendix 3. Listing of species by microhabitat. Species codes presented in Appendix 3.

CLOSED
CANORY
L. {cont'd)
TRIEBGRE
TRIFREPE
TRILEREC
TRILGRAN
TSUGCANA
ULMUAMER
URTIDIGR
UVULGRAN
VACCANGU
VERBTHAP
VEROOFFI
VEROSERP
VIBUACER
VIBULENT
VIBUTRIL
VIOLAFFI
VIOLBLAN
VIOLCUCU
VIOLLABR
YIOLPUBE
VIOLROST
VIOL _TE3
VIOL__SP
VITIRIPA
WALDFRAG

2. Maoist Floors
{(n=197 species)
ABIEBALS
ACERNEGU
ACERRUBE
ACERSACT
ACERSACH
ACERSANI
ACERSFRIC
ACHIMILL
ACTARLBR
ACTA_SP
ADIAPEDA
AGRIGRYP
AGROGIGA,
AMELARBC
AMPHBRAC
AMEMCANA
ANEMVIRG

APOCANDR
ARALNUDI
ARCTMINU
ARISTRIF
ASARCANA
ASCLSYRI
ASTELATE
ASTENOVYE
ASTEPUNI
ATHYFILI
EETUALLE
BETUPAPY
BIDEFRON
BOEHCYLI
BOTRYIRG
CARDDIPH
CARDPENS
CAREALOP
CAREARCT
CAREBEBB
CAREBLAN
CAREBREY
CARECEPH
CARECRIS
CAREDEWE
CAREGRAC
CAREINTU
CARELAMNU
CAREFEDU
CAREPENS
CARERADI
CARERDSE
CARESPAR
CARESTIP
CARETENE
CARETRIB
CAREVLULP
CARPCARD
CARYCORD
CAULTHAL
CERAFONT
CTRCALPT
CIRCLUTE
CIRSARYE
CLEMYIRG
CLINBORE
CORMNALTE
CORNFOEM
CORNRUGD

CORMNSTOL
CORYCORN
CRAT_SP
CYPRCALC
CYSTBULR
DRYOCART
DRYOCRIS
DRYOINTE
DR YOMARG
FLYMVIRG
EP]LCILI
EPILCOLD
EPILLEPT
EPILPARYV
EPIPHELL
EQUIARVE
ERIGPHIL
ERIGSTRE
ERYTAMER
EUPAMACT
ELPAPERF
ELPARUGC
FAGUGRAN
FESTSUBY
FRAGVIRG
FRAXAMER
FRAXNIGR
FRAXPENN
GALETETR
GALIASPR
GALIOBTL
GALITRIF
GENTANDR
GERAROBE
GEUMCANA
GEUMLACI
GEUM_SP
GLYCSTRI
GYMNDRYO
HIERCAES
HYPEPERF
[IMPACAPE
LAPOCANA
LIPALOES
LYCOAMER
LYCOUNIF
LYSICILI
LYSINUMM
MAIACANA
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MAIARACE
MAJASTEL
MATTSTRU
MENTARVE
MITEDIPH
MUHLMEX]
ONOCSENS
OSTRVIRG
PARTINSE
PHRYLEPT
FILEPLIMI
PINUSTRO
PLANMAIC
PLANRUGE
POA_ALSO
POA_PALU
POA_PRAT
POLYACRG
POPUBALS
FOPUTREM
PRUNSERO
PRUNYVIRG
PRUNVULG
QUERMACR
RANUABOR
RANUACRI
RANURECU
RHAMCATH
RHUSRADI
RIBEAMER
RIBECYNO
RIBEGLAMN
RIEERUBR
RIBETRIS
RUSABLAN
ROSAPALU
RUBUALLE
RUBLIDAE
RUBUOOGR
RUBUPUBE
SALIBEBB
SALIDISC
SALIERIO
SAMBRAPU
SCHIPURP
SCIRATRO
SCUTLATE
SOLADULC
SOLIALTI

SOLICANA
SOLIFLEX
SOLIGIGA
SOLIRUGO
SPHEINTE
STELLONG
TARAQEFT
TARUCANA
THALDIOI
THALPUBE
THELPALU
THUIQCCT
TIARCORD
TILIAKER
TRIEBORE
TRILEREC
TRILGEAMN
TRUGCANA
TYPHLAT]
LLMUAMER
LNKN 151
LRTIDNOI
YVIBULENT
VIBUTRLIL
VIOLAFFI
VIOLBLAN
VIOLCANA
VIOLCUC
VIOLLABR
VIOLPUBE
WIOL__5F
VITIRIPA
WALDFRAG

3. Wet Floors
{n=152 species)

ACERRUBR
ACERSACH
ACHIMILLE
AGROGIGA
AMPHBRAC
ASCLINCA
ASTECILI
ASTELATE
ASTEUMBE
BIDEFROWN
BOEHCYLI
CAREALQOP



Appendix 3. Listing of speeies by microhabttat. Species codes presented in Appendix 3.

CLOSED
CANOFY
3. {cont"d)
CAREBEBE
CAREBLAN
CAREBREV
CARECRIS
CAREGRAC
CAREGRAM
CARELANU
CARERADI
CARERQSE
CARESTIP
CARETENE
CARETRIR
CAREVLILE
CERAFONT
CICUMALCU
CORNSTOL
CRAT_SP
ELYMYIRG
COUIARYE
ERIGPHIL
FRAGYIRG
FRAXNIGE
FRAXPENN
GALIOBTU
GALLTRIF
GENTANDE
GEUM__SP
GLYCSTRI
HIERCAES
IMPACAPE
IRIS__SP
LIFATLOES
LYCOAMER
LYCOQUNIF
LYSICILI
LYSINUMM
MATTSTRU
MENTARVE
MUHLMEXI
ONOCSENS
PARTINSE
PILEPUMI
PLANMAJIG
PLAMRUGE
POA_ALSO

BOA COMP
PO PALTE
POA_PRAT
POPUTREM
PRIMVIRG
PRUNVULG
RANUABOR
RANUACRI
RHAMCATH
RHUSRADI
RIBETRIS
ROBIFSEU
ROSAPALU
RUBUFUBE
SALIBEBB
SALIERIO
SCUTLATE
SOLADULC
SOLICANA
SOLIGIGA
TARAOFFI
ULMUAMER
VIBULENT
VIRBUOPUL
VIOLAFFI
VITIRIPA

4. Moist
Depressions
{n=136 species)
ABIEBALS
ACERRUBR,
ACERSACC
ACERSACN
ACERSPIC
ACTARLEBR
ADIAPEDA
ARALMNLUDI
ARISTEIP
ASARCANA
ASCLEYRI
ASTELATE
ASTEPLMNI
ATHYFILI
BOEHCYLL
CALTBEALU
CARDDIEH
CAREBEBB

CAREBLAN
CARECRIS
CAREDEWE
CAREGRAC
CAREGRAN
CAREINTL
CAREPEDU
CAREPENS
CAREFLAN
CAREPROI
CARERADI
CARERETR
CAREROSE
CARESTIR
CARETENE
CARE_ OV
CARE_ 5P
CALLTHAL
CINNLATI
CIRCALPRI
CIRCLUTE
CIRSARYE
CLEMVIRG
CORMNALTE
CORMFOEM
CORNSTOL
CYSTEULB
DACTGLOM
DBRYQCART
DRYOCRIS
DRYOMNTE
PBRYOMARG
ELYMREPE
ELYMYIRG
EPILCOLC
EPIFHELL
EQUIARVE
EQUILAEY
ERICANML}
ERIGPHIL
ERIG_ 5P
ERYTAMER
EUPARLIGO
FAGUGRAN
FRAGVIRG
FRAXAMER
FRAXMIGR
FEANPENM
GALIOBTU
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GALITRIE
GERARORE
GEUMCANA
GEUMLACI
GEUMRIVa,
GELUM__SP
GLYCSTRI
GYMNDRYC
HEPAACUT
HIERCAES
HYSTPATU
[IMPACAPE
LAPOCANA
LYSICILI

LY SINUMM
MATACANA
MAIARACE
MAIASTEL
MATTSTRU
MITEDIPH
ONOCSENS
OSMUCLAY
OSTRVIRG
PARTINSF.
PILEPUIMI
PLANMAJC
POA_COMP
POA_PALU
POLYPUBE
POPUBALS
PRUNVIRG
PRUNVULG
RANUABOR
RANUACRI
RANUHICA
RANURECU
RHAMCATH
RHUSRADI
RIBEAMER
RIBECYNC
RIBEGLAN
RIEELACU
RIBETRIS
RUBUIDAE
RUBUPUBE
SAMBCANA
SCHIPURP
SCUTLATE
SOLADULC

SOLIALTI
SOLICANA
SOLIFLEX
TARAOQFFI
THELNOVE
THELPALU
THUWIGCC!
TIARCORD
TILIAMER
TRIEBCRE
TRILEREC
TRILGRAN
TESUGCANA
ULMUAMER
VIBLILENT
VIOLAFF)
YIOLBLAN
VIOLLABR
VIOLPUBE
VITIRIEA

3. Wet
Depressions
(o=115 species)
ABIEBALS
ACER3IACC
ACERSACH
MCERSPIC
ACTA_SP
ADIAPEDA
AGROGIGA
ALLITRIC
ALNUINCA
AMPHBRAC
ARISTRIP
ASARCANA
ASCLINCA
ASTECORD
ASTELATE
ASTEMOVE
ASTEPUINI
ATHYFILI
ATHYTHEL
BETUALLE
BIDEFRON
BOEHCYLI
CARDDIPH
CAREBLAN



Appendix 3. Listing of species by microhabitat, Species codes presented in Appendix 3.

CLOSED
CANOPY
5. (eant*d}
CARECEPH
CARECRIS
CAREGRAC
CAREHIRT
CAREINTU
CAREPEDLS
CAREPLAN
CAREPSEL
CARERADI
CARERETR
CARETENE
CARETRIB
CARPCARD
CALULTHAL
CICUBLILE
CINNLATL
CIRCALPI
CIRCLUTE
CORNALTE
CORMRLIGO
CORMSTOL
CYSTBULE
CRYOQCART
DRYCHZRIS
DRYOINTE
DRYOMARG
EFILCIL)
ERILCOLO
EFILPARY
ERIPHELL
EQUIARVE
ELUPAMACU
EUPARUGO
FESTSUBY
FRAXAMER
FRAXNIGR
FRAXPENN
GALIOBTU
GALITRIF
GERAROBE
GLYCSTRI
HEFRCAES
HYDRVIRG
MPACAPE
RIS SP

LAPOCANA
LIPALOES
LYCOLUNIF
LYSICILI
LYSINUMM
MAJARACE
MATTSTRLI
MEMTARVE
ONOQCSENS
QSMUREGA,
PARTINSE
PILEPLMI
POA_ALSD
POA PALL
FOLYFUBE
PRUNYIRG
EANUABOR
RANURECH
RHAMCATH
EHUSRADI
RIBEAMER.
RIBECYNO
RIBETRIS
RIBE 827
RUBUIDAE
RUBRUCKCCE
RUBUPLBE
SALIERIC
SCIRATROD
SIUMEUAY
SOLADLLC
SOLIALTI
SOLICANA
SOLIFLEX
TARAOFF!
THELPALU
THUIDCCI
TLARCORD
TILIAMER
TRILEREC
TRILGRAN
ULMUAMER
VIOLBLAN
VIOLCUCU
VIOLPUBE
VITIRIFA

6. Seep

{n=33 species]

ASTENGVE
BOEHCYLI
CALTPALL
CAREINTL
CARESTIP
CARE__ OV
CICUMACU
CINNLATI
ERILOOLO
EQUIARVE
FRAXNIGR
GELMRIY A
GLYCSTRI
GYMNDRYO
[MPACAPE
LAPOCANA
LYCOAMER
LYCQUNIF
LYSICIL)
LYSINU MM
MATTSTRU
ONOCSENS
PILEPUMI
POA_PALU
RANUFHC A
RIBEAMER
RIBEGLAN
SAMBCANA
SOLADULC
TIARCORD
ULMUAMER
UNKN_791
VIOL__SP

T. Dry Gap

(o=1185 species}

ABIEBALS
ACERRUER
ACERSACE
ACERSPIC
ACTAPACH
ACTARLUBR
ACTA__SP
ADIAPEDA
ALLITRIC
AMEL_ SP
APOCANDR
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ARISTRIP
ASCLSYRI
ASTECILL
ASTECORD
ASTELATE
ATHYFILI
BETLPAPY
BOTRVIRG
CARDDIPH
CAREBLAN
CAREDEWE
CAREDHTI
CAREGRAC
CAREPEDL
CAREPENS
CAREPL AN
CARERADI
CAREROSE
CARESPAR
CARPCARO
CARYCORD
CEANAMER
CELASCAN
CIRCLUTE
CORMALTE
CORMFOEM
CORNRUGO
CORYTORN
CRAT _SP
CYSTFRAG
DESMGLUT
DICECANA
DIRCPALU
DRYOCART
DRYODINTE
DRYOMARG
EPIPHELL
ERYTAMER
FESTSUBVY
FRAGVYESC
FRAGVIRG
FRAXAMER
GALESPEC
OALITRIF
GERAMACU
GERAROBE
GEUMLACT
GELM_ SP
GLYCETRI

HIERCAES
IMPACAPE
LONICANA
LONIDIO
MATACANA
MALARACE
MAIASTEL
MFENICANA
MONOUNIF
ONGCSENS
ORYZASPE
OSMOCLAY
OSTRVIRG
PANI SP
PARTINSE
PLANMAIQ
POA_COMP
POA_PRAT
FODOPELT
POLYPUBE
PRUNSERD
PRUNVIRG
PTERAQUI
PYROELLI
OUERRUBR
RANUACRI
RANLRECU
RHAMCATH
RHLISRADI
RIBECYNO
RIBETRIS
ROBIPSEL
RUBUALLE
RUBUIDAE
SAMERAPU
SMILHERB
SOLADULC
SOLIALTI
SOLICANA
SOLIFLEX
SOLINUNC
TARAGFFI
THALDIOI
THUJOCCI
TIARCORD
TILIAMER
TRILGRAN
VIBUACER
VIBULENT



Appendix 5. Listing of species by microhabitat. Species codes presented in Appendix 3.

CLOSED
CANOPY
T, (cont’d)
VIOLBLAN
VIOLLABER
VIOLPUBE
VIOL_ SP
VITIRIPA
WALDFRAG

8. Moist Gap
(=68 species)
ABIEBALS
ACERRUBR
ACERSACC
ACEREACN
ACEREP[C
ARALNUIDI
ARLSTRIP
ATHYFILI
BOEHCYL]
CARFBERB
CAREBLAN
CAREDEWE
CARFGRAC
CAREFEDU
CARERADI
CAREROSC
CALLTHAL
CINMLATI
CIRCALPI
CIRCLUTE
CORMNALTE
CORNSTOL
CYSTEULB
DRYOCART
DRYQOCRIS
DRYOINTE
DEYOMARG
EPTLCOLO
EPILPARV
EFIPHELL
ERYTAMER
EUPAMACU
FRAGVESC
FRAXNIGR
FRAXFENM
GALITRIF

GERAROBE
GEUMCANA
GEURLACE
GLYCSTRI
IMPACAPE
LACT _SP
LAPOCANA
MATATANA
OMOCSENS
PARTINSE
POPUBALS
PRUNVIRG
RANUABCR
RANURECU
RHAMCATH
RIBECYNO
RIBERUBR
RIBETRIS
RUBLIDALE
RUBUPUBE
SAMBCANA,
SOLADLLC
SOLIALTI
SOLICANA
SOLIGIGA
TARAQFFI
THALPUBE
TIARCORD
TRILEREC
ULMUAMER
VIOLCUCU
VIOLFUBE

3. MOUND
fu=14&5 species)
ARIEBALS
ACERRUBK
ACERSACC
ACERSAM[
ACERSPIC
ACTAPACH
ACTARLUBR
ACTA_ 8P
ADIAPEDA
ALLITRIC
AMEL__SP
APDCANDR
AQUICANA

ARALNUDI
ARISTRIP
ASARCAMNA
ASCLEYRI
ASTECILI
ASTECORD
ASTELATE
ASTEMACK
ASTENOVE
ATHYFIL]
ATHYTHEL
BETUPAPY
BOTRVIRG
CARDDIPH
CAREARCT
CAREBACK
CAREBLAN
CAREDEWE
CAREDIGI
CAREGRAC
CAREHITC
CAREINTU
CARELAX]
CAREPEDT
CAREPENS
CAREBLAN
CARERADI
CAREROSE
CARYCQORD
CAULTHAL
CELASCAN
CIRCALPI
CIRCLUTE
CLAYCARDO
COBRNALTE
CORNRUGO
CORYCORN
CRAT_SP3
CRAT__SP
DANTSPIC
DESMGLUT
DICECANA
BLCECUCL
DIERLOMI
DRYOCART
DRYOINTE
DRYOMARG
EPIFVIRG
EPILCOLO
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EPIPHELL
EQUIARVE
ERIGANNU
ERIGPHIL
ERYTAMER
FAGUGRAN
FESTSUBY
FRAGYESC
FR&XAMER
FRAXNIGR
FRAXPENN
GALIAPAR
GALITRIF
GERARORE
GEUMLACI
GLYCSTR!
GYMNDRYQ
HEPAACUT
HIERCAES
HYDRYIRG
IMPACAPE
LEONCARD
LONICANA
1. ¥YCOOROR
MAIACANA
MAIARACE
MAIASTEL
MATTSTRU
MITCREPE
MITEDIPH
MONAFIST
ONOCSENS
ORYZASPE
OSMOCLAY
OSTRVIRG
OXAL__SP
PARTINSE
PHRYLEPT
PILEPUM!
BINUISTRC
POA_ALSO
POA_COMP
POA SALT
POA__ SP
PODOPELT
POLYPUBE
POPLIGRAN
POPUTREM
PREN__SP

PELUNSERG
PRUNYIRG
PTERADUI
PYROELL!
QUERRLBER
QUER_ 5P
RANUABGR
RaNUACRI
RAaNURECT:
RHAMCATH
RHUSRADI
RIBECYWO
RIBETRIS
RORIPSEL
ROSABLAN
RUBUALLE
RUBUIDAE
RUBUOCCI
RUBUODOR
RUBUBUBE
SAMBEAPU
SANGCANA
SANIMARI
SCHIPURP
SILEYULG
SMILHEEE
SOLIALTI
SOLICAES
SOLICANA
SOLIFLEX
SOLIMEMO
SONCARYE
STREROSE
SYhPALBU
TARADFFI
THALDHOI
THUIOCC!
TIARCORD
TILIAMER
TRIEROHRE
TRILEREC
TRILGRAN
TSUGCANA
ULMUAMER
UYIJLGRAN
YIBUACER
YVIBULENT
YIOLAFFI
VIOLBLAN
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CLOSED
CANOPY
%, {cont’d)
VIOLCUCU
VIOLFUBE
VIOL__5P
VITIRIPA
WALDFRAG

10, Dry Pit
{n=81 species)
ABIEBALS
ACERRUBE
ACERSALCT
ACTA_SP
AMEL__SP
ARALNUDI
ARISTRIF
ASARCANA
ASTEMACR
ATHYFILI
BOEHCYLI
BOTRVIRG
CAREDEWE
CAREPEDU
CAREPENE
CARPCARG
CARYCZORD
CAULTHAL
CELASCAN
CIRCLUTE
CLAYCARD
CORMALTE
CORNRLUIGO
CORYCORN
CESMGLUT
DICECANA
DRYQOCART
DRYOINTE
DRYOMARG
EPIFVIRG
EFIFHELL
ERYTAMER
FAGUGRAN
FESTIUBY
FRAXAMER
GALITRIF
{GERAROEBE

GYMNDRYO
HEPAACUT
HYDRVIRG
IMPACAPE
LONICANA
MAIACANA
MAIARACE
MAIASTEL
MITCREPE
MITEDIPH
ORYZASPE
OSMOCLAY
OSTRVIKRG
PINUSTRO
POA_ALSO
POLYACRD
POLYPUBE
POPUGRAN
PRUNSERO
PRUNVIRG
PTERAQUI
PYROELLI
QUERRUBR
RANUABOR
RHUSRADI
RIBECYNO
ROBIFSEU
ROSABLAN
RUBUALLE
54 MBRAPU
SANGCANA
SMILHERB
SOLIFLEX
SYMPALBU
TARAOEFI
THUIGCCL
TILIAMER
TRIEBORE
TRILEREC
TRILGRAN
VIBUACER
VIBULENT
VIOLPUBE
WALDFRAG

11. Maist Pit
(n=5 species)
CAREMNTU

CIRCALPI
CiRCLUTE
ERYTAMER
IMPACAPE

12, Log
{n=102 specics)
ABIEBALS
ACERRUBR
ACERSACH
ACERSPIC
ACTA _SP
ANEMGUIN
ARALNUDI
ARISTRIP
ASTELATE
ATHYFILI
BETUALLE
BETLIFAPY
BIDEFROMN
BOEHCYLL
CARDDIPH
CAREBLAN
CARECRIS
CAREDEWE
CAREGRAC
CAREINTU
CAREFEDU
CAREPENS
CARERADI
CAREROSE
CARESTIFP
CARETENE
CARPCARC
CARYCORD
CATILTHAL
CINNLATI
CIRCALP
CIRCLUTE
CLEMVIRG
CORMNALTE
CORKFOEM
CYSTEULB
DRYQCART
ORYOCRIS
DRYOINTE
ECHILOBA
EFILCOLO
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EPILLEPT
EPIPHELL
EQUIARVE
ERYTAMER
EUPARUGO
FRAGVESC
FRAGVIRG
FRAXAMER
FRAXNIGR
FRAXPENN
GALIASPR
GALIPALU
GALITRIF
GERAROBE
GEUMLACT
GLYCTSTRI
GYMMDRY D
HEPAACUT
HIERCAES
IMPACAPE
LAPOCANA
LY COUNIF
LYSINUMM
MAIACANA
MAIARACE
MENTARVYE
MILIEFFU
MITEDIPH
CINCCSENS
FARTIMSE
PILEPUBI
POA _PALU
POLYPLBE
RANUABOR
RANURECU
RHAMCATH
R{BECYNO
RIBEGLAN
RUBUALLE
RUBLIDAE
RUBUGDOR
RUBUPUBE
RUBU_840
SOLADULC
SOLLALTI
SOLECAMA
SOLIFLEX
TARACFFT
THUJOCC

TIARCORD
TILIAMER
TRIEBORE
TRILEREC
TSUGCANA
ULMUAMER
VIOLBLAN
VIOLLABR
VIOLPUBE
VIOL__ 5P
VITIRIPA
WALDFRAG

13. Stump
{n=51 species)
ABIEBALS
ACERRLIBR
ACEREACC
ACERSFIC
ARALNUDI
ARISTRIP
ASTELATE
BETUALLE
BOCHCYLI
CARECRIS
CAREDEWE
CAREGRAC
CAREPEDU
CAREFEMS
CARE_ OV
CIRCALRI
CIRCLUTE
ORYDCART
DRYOINTE
EPTFHELL
EAGUGRAN
FRAGVIRG
GERAROBE
Y MMDEY O
IMPACAPE
MATACANA
MATARACE
PARTIMSE
PICEGLAL
PILEPLIMI
POLYPALC
POLYPUBE
QUERALBA
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CLOSED
CANOPY
13. {(cone’d)
GUERRUBR
RANUABOR
RIBEAMER
RUBUIDAE
RUBUGOR
RUBUPUBE
SAaMBRARU
S0LADULT
SOLICANA
SOLIFLEX
SPHEINTE
TARAQFFI
THUJCHCCT
TIARCORD
TRIEBORE
TSUGCANA
ULMUAMER
VIOLCUCU

i4d. Raised Root

Mat

{n=135 species)

ABIEBALS
ACERRUBR
ACERSACC
ACERSACN
ACERSPIC
ACTARUBR
ACTA__SP
ALLITRIC
ARALNUDI
ARCTRING
ARISTRIP
ASARCANA
ASTECORED
ASTELATE
ASTENOVE
ATHYFILI
BETUALLE
BETUPAPY
BRIDEFRON
BOEHCYLI
CARDDIPH
CAREARCT
CAREBLAN

CARECRIS
CAREDEWE
CAREGRAC
CAREINTU
CAREPECK
CAREPEDU
CAREPENS
CAREPLAN
CARERADI
CAREROSE
CARESTIP
CARETENE
CARE__OV
CARYCORD
CAULTHAL
CELASCAN
CINNLATI
CIRCALPI
CIRCLUTE
CLEMVIRG
CLINBORE
CORNALTE
CORNRUGO
CORNSTOL
CYSTBULB
CYSTFRAG
DRYOCART
DRYOCRI[S
DRYOINTE
DRYCMARG
EPILCOLD
EPIPHELL
EQUIARVE
EQUISCIR
ERIGPHIL
FAGUGRAN
FRAGYVIRG
FRAXAMER
FRAXNIGR
FRAXPENN
GALIASPR
GALIOBTU
GALIPALU
GALITRIF
GERAROBE
GELUMCANA
GEUMLACI
GEUM__SP
GLYCSTRI

GYMNDRYOD
HIERCAES
HYDRVIRG
IMPACAPE
LACT _SP
LONICANA
LYCOANNO
LYCOUNIF
MAIACANA
MAIARACE
MEDILUPU
MILIEFFU
MITEDIPH
OSMOCLAY
OSTRYIRG
PARTINSE
PINUSTRO
POA_ALSO
POA_COMP
POLYACRO
POLYPUBE
POPLIBALS
PREN__SP
FRUNSERO
PRUNVIRS
PYROELLI
QUERMACR
RANUABOHR
RANUACRI
RANURECU
RHAMCATH
RHUSRADI
RIBECYNQ
RIBEGLAN
RIBELACU
RUBUALLE
RUBUIDAE
RUBLODOR
RUBLFUBE
SAMBCANA
SAMBRAPU
SCHIPURP
SCUTLATE
SILIMSUAY
SOLADULC
SOLICANA
SOLIFLEX
SOLIRUGO
SPHEINTE
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TARADEFI
TAXUCANA
THALPLIRE
THELPALL
THIOCT]
TIARCORD
THJAMER
TRIEBORE
TRILEREC
TRILGRAN
TSUGCANA
ULMUAMER
LURETIDIGR
VIBULENT
VIOLBLAN
VIOL__SP
YITIRIPA

15. Stone
{n=20 species)
ANEMQLUI
ASTELATE
CAREBLAN
CAREFEDL
CAREFENS
DRYQCRIS
EFIPHELL
EQUIHYEM
ERIGPHIL
FRAXAMER
CALITRIF
LOWIDIO]
MATACANA
PARTINGE
PRUMYIRG
RHUSRADI
RIBECYNO
SCHIPURP
SOLIFLEX
TRILGRAN

16. Lane
{0=89 species)
ABIEBALS
ACERRUBR
ACERSACC
ACTA__SP
ARALNUDI

ARISTRIP
ASTELATE
ATHYFILI
BOCHCYLI
BOTRVIRG
CARDDIPH
CAREARCT
CAREBLAN
CAREDEWE
CAREGRAC
CAREMTL
CAREPEDU
CAREPENS
CAREPROJ
CARERAD!
CAREROSE
CARETENE
CARETRIB
CARE__SP
CARYCORD
CAULTHAL
CIRCALEI
CIRCLUTE
CORNALTE
DRYQCART
DRYOCRIS
DRYOINTE
EPIPHELL
EQUISCIR
ERYTAMER
FAGUGRAN
FRAGVYESC
FRAXAMER
GALILANC
GALITRIF
GLYCSTRI
HIERC AES
HYDRVIRG
IMPACAPE
LYCODEND
MAIACANA
MATARACE
MENTARVE
MITCREPE
ONOCSENS
ORYZASPE
OSMOLCLAY
OSMUCLAY
OSTRVIRG
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CLOSED
CANOPY
16, (cont*d)
POA_PRAT
PODCPELT
POLYPUBE
POFUGRANM
PORLTREM
PRUNSERD
PRUNYVIRG
PTERAQUI
QUERRUBR
RANTUABOR
RHAMCATH
RHUSRAI]
RIBECYHWO
ROBIPSEU
RUBUIDAE
RUBUOCCI
SALIERIO
SAMBEAPU
SANGCANA
SMILHERB
SCLIALTI
SOLICANA
TARAGEFI
THALDIOL
TIARCORD
TILIAMER
TRIEBORE
TRILEREC
TRILGEAN
ULMUAMER
URTIDIGR
VIOLLABR
YIOLPUBE
VIOLSORO
VITIRIPA

17. Ditch
{n=68 species)
ACERSACT
ACEREACN
ACHIMILL
AGROGIGA
ANEMCANA
ASTELATE
ASTEPUMNI

CARECRIS
CAREGRAN
CARELANU
CARERADI
CAREROSE
CARESTIP
CARETENE
CAREVULP
CARYCORD
CLAYCARD
CORMELGO
CORMNSTOL
EPILCILI
EPILLFRT
EPIPHELL
EQUIARVE
ERIGPHIL
ERYTAMER
FUPAMACU
EUPAPERF
FRAGVIRG
FRAXNIGR
FRAXPENN
GALIOBTU
GALITRIF
GLYCSTRI
HYDRWVTRG
IMEACAFE
LEERCRYZ
LYCOUNIF
LYSICILI
LYSITERR
MAIACANA
MEDMLUPL
MEMNTARVE
MUHLMEXI
ONOCSENS
PARTINSE
PHALARUN
PILEPUM!
PLANRUGE
POA_PALU
POA_PRAT
POLYPURE
PRUNVIRG
HANUACRI
RANURECU
ROBIPSEL
SALIDISC

SALIERIO
SANGCANA
SCUTLATE
SOLIALTI
SOLIGIGA
TARAQFFI
TILIAMER
TUSSFARF
ULMUAMER
VIOLPUBE
VIOL, _ 5P
YVITIRIPA

L8, Regenerat-
ing Field
{n=125 specics)
ABIEBALS
ACERRLIBR
ACERSALCT
ACERSACHN
ACHIMILL
ACTARUBR
ACGRIGRYP
AGROGIG A,
AGROSTOL
AMELINTE
AMNEMVIRG
APOCANDE
ADUICANA
ASCLSYR]
ASTECILI
ASTELATE
ASTENOYE
ASTEPUNI
BETUPAPY
BOTRYIRG
BROBMIMER
CAREBLANM
CARECRIS
CAREGRAC
CAREGRAN
CARELANL
CAREPENS
CARERADI
CARERTIR
CARETENE
CARE_T19
CARPCARD

CARYCORD
CELASCAN
CERAFONT
CHRYLEUC
CIRSARVE
CORNSTOL
CORYCORN
CRAT__SP
DALCCARO
DESMGLUT
ELYMVIRG
CPILCIL
EPILLEPT
EPIPHELL
EQUIARVE
ERFIGPHIL
ERIGSTRI
EUFAMACU
EUPAPERF
ELTHGRAM
FRAGVIRG
FRAXAMER
FRAXNIGR
FRAXPENN
GALICIRE
GALIOBTU
GALITRIF
GENTANDR
HIERCAES
HYPEPERF
IMPACAPE
IRIS__SP
LACTCANA
LIPALOES
LYCOAMER
LYCOUNIF
LYSICIL]
MAJACANA
MATTSTRU
MEDILUPL!
MELIALBA
MELIOFFI
MUHLFRON
ONOCSENS
OXALSTRI
PANIACUM
PARTINSE
PHALARUN
PHLEPRAT

PILEPLIMI
PLANLANC
PLANRUGE
POA_COMP
POA PALU
POA PRAT
POPLUBALS
POPUTREM
POTERECT
PRUNSERD
PRUNVIRG
PRUWYULG
PTERAQUT
QUERRUBR
RANUACR]
RHAMCATH
RIBEAMER
RIBECYNO
RUBLIALLE
RUBUIDAE
RUBUPUBE
RUDBHIRT
SALIBERS
saLIDIsSC
SALIERIO
SISYWMONT
SMILHERE
SOLIALTI
SOLICANA
SOLIGHGA
SOLINEMO
TARACFFT
THUIOCCE
TILIAMER
TRAGDURI
TRIFREPE
TRILGRAN
ULMUAMER
VIBUACER
VIBULENT
VICICRAC
VIQLAFFI
VIOL 5P
VITIRIPA

OPEN
CANOPY
19. Dry Floors
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OPEN
CANOFY

19. Dry Fioors
{n=035 specics)

ABIEBALS
ACERRUBR
ACERSACC
ACERSACN
ACERSPIC
ACTAPACH
ACTA 5P
ADIAPEDA
AGRIGRYP
ALLITRIC
AMELINTE
AMEL_SP
AQUICANA
ARALNUDI
ARCTMINU
ARISTRIP
ASARCANA
ASCLSYRI
ASTECILI
ASTELATE
ASTEMACR
ASTENOVE
ATHYFILI
BETUPAPY
BOEHCYLL
BOTRYIRG
BRACEREC
CALYSER
CARDACAN
CARDDIPH
CAREALBL
CAREARCT
CAREBACK
CAREBLAN
CARECRIS
CAREDEWE
CAREGRAC
CAREHITC
CAREMNTU
CARELAXL
CAREPEDU
CAREPENS
CAREPLAN
CARERADI

CAREROSE
CARESPAR
CARE DOV
CARE__ 5P
CARPCARD
CARYCORD
CALLTHAL
CEAMNAMER
CELASCAMN
CERAFONT
CIRCALFI
CIRCLUTE
CIRSARVE
CIRSYULG
CLAYCARD
CLEMVIRG
COMYCANA
CORMALTE
CORNFOEM
CORNRUGO
CORYCORNM
CRAT_5SF
CRYPCANA
CYsTRULB
DACTGLOM
DANTSPEC
DHCECANA
BICECUCTS
DIERLONI
DIRCPALY
DRYCHCART
DRY QCRIS
DRYQINTE
DRYOMARG
EPIFVIRG
EPILCOLO
EPIPHELL
ERIGANNMU
ERIGPHIL
ERYTANER
EUPAPERF
EUPARLCGO
FAGUGRAN
FESTSUBY
FRAGYESC
FRAXAMER
FRAXNIGR
FRAXFENN
GALETETR

GALIAPAR
GALILANC
GALITRIF
GERAMALL
GERAROBE
GEUMCANA
GEUMLATI
GEUMURBA,
GLYCSTRS
GYMNORYD
HACKVIRG
HEPAACUT
HIERCAES
HYDRVIRG
HYSTPATU
IMPACAPE
JUNCTENU
LACTCANA
LACTSERR
LAPOC ANA
LEONCARD
LOBEINFL
LONICANA
LONIDIOT
MAIACANA
MAIARACE
MAIASTEL
MEDILUPY
MELIALBA
MENICANA
MILIEFFL
MITCREPE
MITEDIPEH
NEPECATA
ONGCSENS
ONOPACAN
ORYZASPE
OSMOCLAY
OSTRVIRG
PANICAPL
PARTINSE
PHLD_SP
PHMRYLEPT
PILEPUM]I
PRVUSTRD
PLANRUGE
POA_COMP
POA_PALU
POA_PRAT
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POA_SALT
POLYPAUC
POLYPRUBE
PREN _SP
PRUNSERC
PRUNVIRG
PTERAQUI
QUERALBA
QUERMACR
QUERRUBR
RANUABUR
RANUACR!
RANURECU
RHAMCATH
RHUSRADI
RIBECYNG
RIBETRIS
ROBIPSEU
RUBUALLE
RUBLIDAE
RUBUOCCI
RUBUPUBE
SAMBRAPU
SANGCANA
SANI__SP
SCHIPURE
SMILHERE
SMILHISP
SOLADULC
SOLIALTI
SOLICAES
SOLICANA
SOLIFLEX
SOLIGIGA
SOLINEMO
SQLIRUGO
SONCARVE
SONCOLER
SPHEINTE
SYMPALBU
TARAOFFI
THALDIOI
THUIOCCI
TIARCORD
TILIAMER
TRIERORE
TRIFREPE
TRILEREC
TRILGRAN

TRICAURA
TSUGCAMNA
ULMUAMER
URTIDIGR
UYULGRAN
VACTANGLU
VERBTHAP
VIBUACER
VIBULENT
VIOLBLAM
VIOLPUBE
YIOLSORO
VITIRIPA
WALDFRAG

20, Moist
Floars

{n=133 speci¢s)

ARIEBALS
ATCERRUBR
ACERSACC
ACERSACH
ACERSPIC
ACHIMILL
ACTARLUBR
ACTA__SP
AOROGHGA
AMPHERAC
AMEMVWIRG
ARALMLM
ARISTRIP
ASARCANA
ASCLEYRI
ASTECILI
ASTELANC
ASTELATE
ASTENOVE
ASTEPIINI
ATHYFILI
BETUALLE
BIDEFRON
BOEHCYILI
CARDDIPH
CAREARCT
CAREBERD
CAREBLAM
CARERREV
CARECRIS
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OPEN
CANOPY
20. {cont’d)
CAREDEWE
CAREGRAC
CAREGRAN
CAREINTL
CARELANUS
CAREPEDTJ
CAREPEN%
CARERADI
CAREROSE
CARESTIP
CARETENE
CAREVTULP
CAULTHAL
CELARCAN
CERAFONT
CHRYLEUC
CINNLATI
CIRCALPI
CIRCLUTE
CORXNALTE
CORNSTOL
CRAT_ SP
CRYPCANA
CYSTBULE
DEYOQCART
DRYOQUCRIS
DEYQINTE
DRYOMARG
ELYMYIRG
EPILCOLO
EFILPARY
EPIPHELL
EQUIARYE
ERIGANNLU
ERYTAMER
EUGPAMACL
EUTHCGRAM
FAGQUGRAN
FRAGYESC
FRAGYIRG
FRAXAMER
FRAXMIGOR
FRAXPENN
GALIOBTU
GALITRIF

GENTANDR
GERARDBE
GEUMCANA
GEUMLACI
GEUM__ 5P
GLYCSTRS
HIERCAES
IMPACAPE
INLULHELT
IRISVYERS
{RIS _SP
LACT _5sP
LAPDCANA
LEEEVIRG
LIPFALOES
LY COUNIF
LYSICILI
MATACANA
MATTSTRLS
MEDILUPL
MENTARVE
MITEDIPH
ONOCSENS
OSMOCLAY
PARTINSE
PHLEPRAT
PILEPLIM]
BPLANKMAJIO
PLANRUCGE
POA ALSO
POA _PALU
POA PRAT
POLYPUBE
POPLIBALS
POPUTREM
PRUNVIRG
PRUNVULG
RANUABOR
RANUACRI
RANURECU
RHAMCATH
RHUSRAD!
RIBEAMER
RIBEGLAN
RIBERUBR
RIBETRIS
ROBIPSEU
RUBUIDAE
RUBLODOR

RUBUPUBE
SALIDISC
SALIERIOD
SAMBCANA
SAMBRAPU
SCUTLATE
SOLADULC
SOLIALTT
SOLICANA
SOLIFLEX
SOLIGIHGA
SOLIRLIGC
SONCARVE
SEHEINTE
TARAOFFE
THLIOCCI
TIARCORD
TILIAMER
TRIEBGRE
TRILEREC
TRILGRAM
TSUGCANA
ULMUAMER
VIBLOPUL
VICGLAFFI
YIGLBLAN
YIOLCUCU
YIOLPUBE
VITIRIPA

21. Wet Floors
(n=82 species)
ACERSACN
ACERSPIC
ADIAPEDA
AGROGIGA
ARISTRIP
ASTELANC
ASTELATE
ASTEPLIMI
ATHYFILI
BIDEFROM
BOEHCYLI
CAREBEDB
CAREBLAN
CARECRIS
CAREDEWE
CAREGRAC
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CAREINTL
CAREPRO!
CARERADIL
CARERETR
C AREROSE
CARESTIP
CARETRIB
CAREVULP
CIRCLUTE
CLEMVIRG
CORNRUGO
CORNSTOL
CYSTBULB
DRYDCART
ELYMVIRG
EFILCOLO
EPILFARYV
EPIFHELL
EQUIARVE
ERIGANNU
EUPAMACU
EUPAPERF
EUPARUGE
FRAXNIGR
GALIOBTU
GALIPALU
GERAROBE
GEUMLAC!
GEUM__SP
GLYCSTR]
HYSTPATU
IMPACAPE
[NULHELI
LAPQUANA
LEERCORYZ
LYCOUNIF
LYSICILL
MENTARVE
ONOCSENS
PARTINSE
PILEPUMI
POA_COMP
POA_PALL
POA_PRAT
PRUNVULG
RANUACRI
RANURECU
RHAMCATH
RHUSRADI

RIBEAMER
RIBECY NG
RIBRETRIS
RUBLUOCCI
SALIERIO
SAMBLCANA
SCUTLATE
S0LADULC
SOLICAMNA
SOLIGIGA
SPHETNTE
TARAOEFI
THUIQCCT
TILIAMER
LLMUAMER,
VIGLCLUCL
VITIREIPA

22, Moist
Depressions
{n=41 species)
ABIEBALS
ACERSACN
ACERSPIC
ARISTRIP
ASTELATE
BOEHCYLI
CARECRIS
CAREGRAC
CAREINTL
CARERAD!
CIRCALPL
CIRCLUTE
CORNALTE
CORNSTOL
CYSTBULB
DEYDCART
DRYOINTE
EQUIARYE
ERIGPHIL
ERYTAMER
FRAXNIGR
GALIPALD
GALITRIF
GERAROBE
QEUMLACT
GLYCSTRI
IMPACAPE



Appendix 5. Listing of species by microhabitat. Specics codes presented in Appendix 3.

OPEN
CANOPY
22. (cont*d)
OMOCSENS
PARTIMNSE
POA_PALU
PRIWNVIRG
RANUACKI
RANURECL!
RHAMCATH
RIBETRIS
RUBLIEDAE
RUBLIPUBE
SAMBCANA
SOLADUTLC
TARAUFFT
TIARCORD
ULMUAMER

23 Wet

Depressions
(n=38 species)

ACERSACN
ACERSPIC
ARISTRIP
ASTELANC
ATHYFILE
BIDEFRON
BOEMCYL
CAREEBEBE
CAREELAN
CARECRIS
CAREDEWE
CAREGRAC
CAREINTU
CARERETR
CARESTIP
CORNRUGD
ELYMVYIRG
EPILPARV
EQUIARVE
FRAXNIGR
GALIPALU
GERAROBE
GEUMLACI
GLYCSTRI
IMPACAPE
LAPOCANA

LYCOLNIF
ONOCSENS
PILEPLIMI
BANURECL
BEHAMCATH
SAMBCANA
SOLADULC
SOLICANA
TARACFFI
TILIAMER
ULMUAMER
VIOLCUCU

24, Seep

{n=25 species)

ARISTRIP
ATHYFILI
BOEHCYLI
CARECRIN
CARECRIS
CAREGRAC
CAREINTU
CAREPROI
CARERETR
CARETENE
CARPCARD
CIRCALPI
EPILCOLD
EUPAMACU
FRAXPENN
GALITRIF
GLYCETRI
IMPACAPE
LYCOAMER
OMNOCSENS
RANUABCR
RANMURECU
S0LADULC
TIARCORD
LURTIDIGR

25. Mound

(r=7h species)

ABIEBALS

ACERRLUBR
ACERSACC
ACTAPACH
ACTARUBR

ADIAPEDA
ARALNUDI
ARISTRIP
ASARCANA
ASTELATE
CARDDIFH
CAREARCT
CAREBLAN
CAREDIGI
CAREPEDU
CARERPENS
CARERADI
CAREROSE
CARYCORD
CAULTHAL
CIRCLUTE
CIRSARVE
CIRSYULG
CONYCANA
CORMFOEM
CORNRUGO
CYSTTERNLU
DICECANA
DIERLOMI
DRYQCART
DRYDQINTE
EPIFVIRG
ERIL.COLO
EPIFHELL
ERYTAMER
EUTHGRAM
FRAGVESC
FRAXAMER
CALITRIF
GERAMACL
GERAROBE
GYMNDRYO
HACEVIRG
MAIACANA
MAIARACE
MITCREPE
ONOPACAN
ORYZASPE
OSMOCLAY
OSTRVIRG
PHRYLEPT
POA_PRAT
POLYPAUC
POLYPUBE
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PRELMNVIRG
QUERRUBR
RANUABOR
RHAMCATH
RUBLIDAE
RLIBLICCCI
SAMBRAFU
SANGCANA
SMILHERB
SQLADULL
SOLICANA
SOLIUNC
SONCARVE
SONCOLER
S5YMPALBU
TARACFFI
THALDIO!
TILIAMER
TRIFREFE
TRILGRAN
VIOLPUBE
WALDFRAG

26. Drv Pit

{n=26 species})

ACERSACC
ARISTRIP
ASARCANA
CIRCLUTE
CIRSVULG
DICECANA
DRYOCART
ORYQIMNTE
EPFILCOLO
ERYTAMER
EUPAMACL
FAGUGRAN
FESTSUBY
FRAXAMER
GALITRIF
GERAROARE
HACKVIRG
MAIARACE
POLYPUBE
PRUNVIRG
RANUABOR
RUBLIDAE
RUBLOCCI

SAMBRAPU
SOLADOLT
TaRAOFFI

27. Wet Pit
{n= 1 species)
IMPACAPE

28. Log
{n= 6+ species)
ACERSACT
ACERSPIC
AGROSTOL
ARALNUDI
ARISTRIP
ASTELATE
ASTEPUN]
ATHYFILI
BETUALLE
BETUBAPY
BOEHCYL!
CAREARCT
CAREDEWE
CAREIMTU
CAREFEDU
CARERADI
ClICUMACT
CINMLATI
CIRCALPI
CIRCLUTE
CLEMVIRG
CYETRULR
DRYOCART
DRYOINTE
ELYMVIRG
ERILCOLO
EPILPARY
FRAGVESC
FRAGYIRG
FRAXMIGR
FRAXPENN
GALIAPAR
GALIOBTU
GALIBALY
GALITRIF
GERARCBE
GLYCSTRIL
HIERCAES



Appendix 3. Listing of species by microhabitat. Species codes presented in Appendix 3.

OPEN
CANOPY
28. {cont'd)
IMPACAPE
LACT _SP
LYCQUNIF
MAIACANA
OSTRVIRG
PARTINSE
PILEPUMI
PRUNVIRG
RANURECU
RIBETRIS
RUBUIDAE
RUBUPUBE
RUBL_840
SOLIALTI
SOLICANA
SOLIGIGA
SPHEINTE
TARAOFFI
TAXUCANA
TIARCORD
TRIEBORE
TSUGCANA
ULMUAMER
VIOLAEFI
VIOLCUCUY
YIOL _SP

29, Stump
(o= 34 species)
ACERSACC
ARISTRIP
ASARCANA
ASTELATE
ASTERLIM|
BETUPAPY
CAREDEWE
CAREGRAC
CAREPEDU
CAREROSE
CAREVIILP
CIRCALPI
DRYQCART
DRYOINTE
EPIPHELL
EQUIARVE

ERIGFHIL
FESTSUBV
FRAGVIRG
GALITRIF
GLYSTR]
HIERCAES
IMPACAPE
MAIACANA
PARTINSE
RAMLIRECY
RUBLIIDAE
RUBUPUBE
SOLICANA
SCLIFLEX
SOLIRUGO
SPHEINTE
TARAQFFI
TIARCORD

3. Raised Root
Mat
(n=95 species)
ACERRUBR
ACERSACT
ACERSPIC
ACTA_SP
ADIAPEDA
ARALNLUDI
ARISTRIP
ASTELATE
ASTEPLMNI
BETUALLE
BIDEFROMN
BOEHCYLI
CARDPENS
CAREARCT
CAREEBLANM
CAREDEWE
CAREGRALC
CAREPEDU
CAREBENS
CARE_SP
CIRCALPI
CIRCLUTE
CIREYULG
CLEMYIRS
CONYCANA
CORRALTE

CORNSTOL
CYSTBULB
DAUCCARO
DRYOCART
DRYOCRIS
DRYOINTE
DRYOMARG
EPILCOLO
EPILPARY
EPFHELL
EQUIARYVE
ERIGANNL
ERIGPHIL
ERIG_SP
EUPAMACL
FRAGVESC
FRAGVIRG
FRAXNIGR
FRAXPENN
GALITRIF
GERAMACU
GERAROBE
GEUMCANA
GEUM _SP
GLYCSTRI
HIERCAES
IMPACAPE
LACTSERR
LYTOUNIF
MAIACANA
MATTSTRU
MENTARVE
OMOCSENS
PARTINSE
PICEGLAL
PILEPLIME
POA_PRAT
PREN_ §P
PRUNYIRG
RANUABOR
RANUACRI
RHAMCATH
RHUSRADI
RIBECYNO
RUBUIDAE
RUBLIDCCI
RUBUODOR
RUBUPUBE
SAMBCANA
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SAMBRAPU
SCUTLATE
SICY ANGU
SOLADLILC
SOLIALTI
SOLICANA
SOLIFLEX
SPHEINTE
TARAGFFI
TEILIOCCI
TIARCORD
TILIAMER
TRIEBORE
TRILEREC
TRILORAMN
TEUGCANA
ULMUAMER
VIOLBLAN
VIOLLABR
VIOLSORO
VITIEIPA

31. Lane
{n= 181 species)
ACERSACC
ACERSACN
ACHIMILL
ACTA__SP
AGRCGIGA
AGROSTOL
AMBRARTE
ANEMCANA
ANEMVIRG
ARCTMINU
ARISTRIP
ASCLSYRI
ASTECILE
ASTECORD
ASTELANC
ASTELATE
ASTENOVE
ASTEPUNI
ATHYFILL
BETUPAPY
BIDEFRON
BOEHCYLI
BOTRVIRG
BROMINER

CARDEIFH
CARDNUTA
CAREARCT
CAREBACK
CAREBERB
CARERLAN
CAREGRAL
CAREGRAN
CAREINTU
CARELANU
CARELAXI
CAREPENS
CAREPROJ
CARERETR
CAREROSE
CARESTIF
CARETENE
CARETRIB
CAREVULF
CARE_864
CARE_§70
CARE__SP
CARYCORD
CAULTHAL
CERAFONT
CHRYLELC
CIRCALPI
CIRCLUTE
CIRSARVE
CIRSVULG
CLEMVIRG
CONYCANA
CORNRLGO
CORNSTOL
CYSTBULB
DACTGLOM
DAUCCARD
DIANARME
DICECANA
DRYQOCART
ELYMREPE
EPILCOLO
EPIPHELL
EQUIARVE
EQUILAEY
ERIGANNU
ERIGPHIL
ERIGSTRI
ERYTAMER



Appendix 3. Listing of species by microhabitat. Species codes presented in Appendix 3.

OPEN
CANOPY
M. {cont'd)
EUPAMACU
EUPAPERF
EUPARLIGO
FESTPRAT
FRAGYESC
FRAGVIRG
FRAXAMER
FRAXNIGR
FRAXPENWM
GALIOBTL
GALITREF
GERAROBE
GEUMLACI
GEUM__SP
GLYCSTRI
GYMMDRYO
HACKVIRG
HEPAACUT
HIERCAES
HYPEFERF
HYSTPATU
itdFACAFE
RIS _SP
JUNCTENLD
LACTCANA
LACTSERR
LEERDEYZ
LEONCARD
LOBE SP
LYCOAMER
LY COUNIF
LYSICILT
MAIACANA
MATTSTRU
MEDILUPY
MELIALBA
MEMICANA
MENTARVE
MUHLMEXT
OMOCSENS
ONOPACAN
OSMOCLAY
OSTRYIRG
OXALSTRIE
PANI_ SP

PARTINSE
PHALARLUN
PHLEPRAT
PHRYLEPT
PILEPUMI
PLAMLANC
PLANMAID
PLANRUGE
POA_ALSOD
POA COMP
POA PALY
POA_PRAT
POLYPERS
POLYPRUBE
FOPUTREM
POTENORY
POTERELCT
PRUNSERD
PRUNVIRG
PRUNYULG
RANUABOR
RANUACRI
RANURECU
RHAMCATH
RHUSRAD!
RIBECYNO
RUBUALLE
RUBUIDAE
RUBUOCCI
RUBLPLIRE
SALIERIO
SAMBRAPU
SCIRATRO
SCUTLATE
SOLADULC
SOLIALTI
SOLICANA
SOLIFLEX
SOLIGIGA
SONCOLER
SPHETMTE
TARAOFF
TIARCORD
TRIFREPE
TRILEREC
TRILGRAN
TSUGCANA
LLMUAMER
UNKN_822

LIRTIDIGR
LRTIDIOI
VERBHAST
YERBURTI
YEROSERE
VIBUACER
VICICRAC
YIOLAEFI
YICLBLAN
YVIOLCANA
VIoLCucy
YVIOLPUBE
VIOLECQRD
VITIRIPA

32. Ditch

(n=33 species)

ACERSALT
AGROGIGA
ASTECILI
ASTELANC
ASTELATE
ASTEPUNI
CARETENE
CICUMACL
CORNALTE
CORMSTOL
EFILCILI
EFILCOLC
EQUIARVE
ERYTAMER
FRAXAMER
GALIOBTU
GLYCSTRI
IMPACAPE
LEERORY?Z
LYCOUNIF
LYSITERR
MENTARYE
PARTINSE
PILEPLIMI
POA_PALU
FOLYPUBE
RANUACR]
RIBEAMER
RUBUPLIBE
SALIERIO
SCUTLATE
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SOLKGKYA
TUSSFARF

13. Regenerat-
ing Field
(n=147 species)

ATCERRUBR
ACERSACE
ACERSACH
ACHIMILL
AGRIGRYP
AGROGIGA
AMPHBRAC
ANEMCANA
ANEMVIRD
ANTENECGE
APOCANDR
AQUICANA
ASCLINCA
ASCLSYR]
ASTECILI
ASTEERIC
ASTELANC
ASTELATE
ASTENOVE
ASTEPLM)
BETUPARY
BOTRMATR
BOTRVIRG
ERCMINER
CAREALOP
CAREBEBDB
CAREBLAN
CARERREW
CARECRIS
CAREDEWE
CAREGRAC
CAREGEAN
CARELANL
CAREPENS
CAREPRAI
CAREPROI
CARERADI
CARESTIE
CARETENE
CAREVULP
CARE_879
CARYCORD

CERAFONT
CHRYLELC
CIRSARVE
CIRSVULG
CORNRLGD
CORNSTOL
CRAT_SP
DANTSPIC
DAUCCARG
DIANARME
ELYMREPE
ELYMVIRG
ERILCILI
EPILLEPT
EPIPHELL
EQUIARVE
EQUIHYEM
ERIGPHIL
ERIGSTRI
EURAMACL
EUFAPERF
EUTHGRAM
FAGUGRAN
FESTARUN
FESTRi/BR
FESTSUBV
FRAGVIRG
FRAXAMER
FRAXNIGR
FRAXPENN
GALIOBTU
GALITRIF
GENTANDR
GEUM__SP
GLYCSTRI
HIERCAES
1iYPEPERF
LACTCANA
LYCOTRIS
LY COUNIF
LYSHCILI
MATACANA
MATTSTRU
MEDILUPL
MELIALEBA
MELIOQFEI
MENTARVE
MUHLFRON
MUHLMEXI



Appendix 3. Listing of species by microhabitat. Species codes presented in Appendix 3.

OPEN
CANOPY
A3, (Cont'd)
ONOCSENS
OXALRTR!
PANTIACTM
FARTIMSE
PFHALARLMN
PHLEPRAT
PHEYLEPFT
PILEPLMI
PLANLANC
PLANMAID
PLANEUGE
POA_COMP
POA _PALL
PJA PRAT
POPUBALS
POPUTREM
POTERECT
PRUNSERD
PRUNYIRG
PRUNVLILG
PTERAQUI
QUERRLEBR
RAMNLIACRI
REAMCATH
RHUSTYPH
RIBECYMNO
ROBIPSEL
ROSAPALL
RUBUIDAL
KUBLIPULBE
SALIBEBB
SALIDISC
SALIERIO
SaLIPETI
SCIRATRO
SILEVYULG
SISYMONT
SMILHERRB
SOLIALTI
SOLICANA
SOLIGIGA
SOLIMEMO
TARAOFFI
THLUTOCC]
TILIAMER

TRAGDOLURE
TRIFREPE
TUSSFARF
ULMUAMER
VERBTHAP
VIBULENT
VIBLITRIL
VICICRAC
VIOLAFFI
VIOLBE AN
VITIRIPA

34. Riparian
Marsh
{n=46 species)
AGROSTOL
ASTELATE
ATHYFILI
BIDEFRON
BROMINER
£ ARDPENS
ClCUMACKH
CIRCLUTE
CLEMVIRG
CORNRUGOD
ERIGANNU
EGPAPERF
GEUMLAC!
RIS _SP
LYCOUNIF
MATTSTRU
MENTARVE
PILEPUMI
FOA COMP
RIBERUBER
RUMEORE]
SCIRATRO
SOLADULC
SOLIALTI
SPHEINTE
YIOLCUCUY
YITIRIPA
ASTEPUNI
CARESTIP
CYSTRULB
EPTLCOLO
LAPQCANA
ONOCSENS

POLYPERS
SOLIGIGA
AGROGIGA
ROEHCYLI
CORNSTOL
EQUIARVE
ELPAMACU
GALIOBTU
GLYCSTRY
IMBACAPE
LEERDRYZ
PARTINSE
POA_PALU

35. Riparian
Meudow
(e=73 species)
ADIAPEDA
ATROGIOA
ARISTRIP
ASTELANC
ASTELATE
ASTEPLUINI
ATHYFILI
BIDEFRON
BOEHCYLI
CAREBERBB
CAREGRAC
CAREPRO!
CARERADI
CARERETR
CAREROSE
CARESTIF
CARETRIB
CAREVLILE
CIRCLUTE
CLEMVIRG
CORNRUGD
CORNSTOL
CYSTBULB
DEYOUART
DRYOQCRIS
EFILCOLG
EFIPHELL
EQUIARVE
ERIGANNU
EUPAMACL
EUPAPERFE
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EUFARLIGO
FRAXNIGR
GALIOBTU
GELIM__ 5P
GLYCSTR!
HYPEPERF
HYSTPATU
IMPACAPE
INUTHELI
LAPOCANA
LEERORYZ
LYCQUNIF
LYSICILI
LY SINUMM
MATTSTRU
MENTARYE
ONQCSENS
PARTINSE
PILEPUMI
POA _COMP
QA _PALL
POA_PRAT
PRUNYULG
RANUACRI
RHUSRADI
RIBEAMER
RIBECYNO
RIDETRIS
RUBUOCCH
RUBLUPUBE
SALIERID
SCUTLATE
SULADULC
SOLICANA
SOLIGIGA
SPHEINTE
THUJOCC!
TIARCORD
TILIAMER
ULMUAMER
VIOLAFF]
VICQLCUCY
VIOL_ 5P
VITIRIPA

36. Ripariap
Thicket
{n=37 species}

ACERRUBR
ASTELATE
ASTEPUNI
ATHYFILI
BETLALLE
BIDEFRON
BOEHCYLI
CAREBEBR
CAREGRAC
CARESTIP
CIRCLUTE
CLEMVIRG
CORNSTOL
EPILCOLO
EPIPHELL
EQUIARVE
ERIGPHIL
ELIPAMACL:
FRAXPENN
GALIOBTU
GALITRIF
GEUMCANA
GEUM__SP
GLYCSTRI
IMPACAPE
PARTINSE
PILEPLM]
POA_PALL
POA_PRAT
RANLUABOR
RANUACKI
RANURECU
RIBETRIS
RUBLIPURE
SOLADULC
TARAUFFI
VIOLAFFI



APPENDIX 6

DISTRIBUTION OF SPECIES BY MICROHABITAT:
CLOSED CANOPY
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Column Heading
dFLE
mFLE
wFLR
mLEP
wDEP
SEEP
dGaP
mOAP
MOURN
dBiT
mPIT
LOG
STMP
RMAT
STON
LANE
DITCH
F

Legend

Cescription

sgasonally dry forest floor
seasonally moist forest fluor
scasonally wet forest floor
seasonally moist depression
seasonally wet depression
seep

seasonally dry gap
seasonally moist gap

tip-Lip mound

seasornally dry eree pit
seasonally moist tree pit

log on dry, moist or wet subsirate
stump on dry, moist or wet substrale
raised root mar an dry. moist or wet substrate

stane
lane or access road

ditch associated with lanefaceess road

regenerating farm field
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Unit

# quadrats
# quadrats
# quadrats
% quadrats
# quadrats
# quadrats
# quadrats
# quadrats
# quadrats
# quadrats
# quadrats
# quadrats
# quadrats
# quadrats
£ guadrats
% quadraks
£ gquadrats
# gquadrats
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Appendix G Distribution of species by microhabilat: closed canopy.

SPECIES

dFLE

mFLRE  wFLR

ARCTMINU
ARISTRIF
ASARCANA
ASCLINCA
ASCLSYHI
ASTECIL)
ASTECORD
ASTEERIC
ASTELANC
ASTELATE
ASTEMACR
ASTENOVE
ASTEPLINI
ASTEUMBE
ATHYFILI
ATIIYTHEL
BETUALLE
BETUPAPY
BIDEFRCN
BOEHCYLI
BOTRMATR
BOTRMULT
BOTRVIRG
BRACEREC
BROMINER
CALTPALL
CALYSEF
CARDACAN
CARDDIPH
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Appendix 6. Distribwion of species by microhabital: closed canopy.
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Appendix 6. I nstribution of species by microhabitat: closed canopy.
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Appendix 6. Distribution of species by microhabiot: closed cunopy.
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Appendix 6. Distribution of species by microbabnat: closed canopy.
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AFPENDIX 7V

DISTRIBUTION OF SPECIES BY MICROHABITAT:
OPEN CANCPY
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Appendix 7. Distribution of specigs by micrehabilat: open canopy.
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Appendix 7. Distribution of species by microhabilal: npen canopy.

SPECIES dFlR mFiR wFILLR mDEPF «wDEP SEEP MOUN dPIT  wBIT LOG  STMP REMAT LANME DITCH RFLD RMA  RML
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Pt mr P wm b oaa —
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CARESPAR - - - - - - ] ) _ _ ) ] ] .
CARESTIP - 2 2 - [ - - - - . - ; ) Y 3
CARETENE - 2 - - . I - . . ] ) ]
CARETRIB - - | . . . - . . . . " . . ] ]
CAREVULP - 1 || . . . . . . I - . ] ]
CAREWOOD - - . . . . . . . . . . ] ) . ] )
CARE_719 - - - . . . . . . - . . - - - . .
CAKRE_868 - - . ) . . . . . . ] . 2 . _ ] ]
CARE_R70 - - - . . . . . - . . . b . ] ] )

- - . . . . . . . . . - , l . .

CARE_§79
CARL OV
CARE  SP
CARPUARG
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CAULTHAL
CEANAMER
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CHIMUMBE - - - - - - - - - - - - - - - - -
CHRYLEUC - } - - - - - - - - - - 3 - d - -
CICUBULRE - - - - : - - - - - - - - - - - .
CICUMACL - - . - .

CINNLATI - 2

CIRCALFI 3 5 - i - 1 - - -
CIRCLUTE B
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Appendix 7. Distribution of species by microhabital: apen canopy.

SPECIES dFLE mFLR wFILR mEP WP sEEP MOUN dP11T wPIT LOG STMP RMAT LANE DITCH RFLD RMA  REME RT

- . - . . b - - . - - 3 - 3 - - -
- - . - - i | - - - ] [ -
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CORNSTOL - 3 | ! - - .
CORYCORN o - - - - - - - - - R -
CRAT 5P - - - - - - - - - - - . - - - - . .
CRAT _sB2 -
CRAT 5P3 -
CRAT SP 3
CRYI'CANA I
CYPRUALL -
CYSTBULE 2
CYSTFRAG -
CYSTTENU - - . . . : I ; : . . ] )
DACTGLOM | - . : : : : i i . . ] 3 ]
DANTSPIC | - !
DALCCARD - . . i : ) ) ] ] ) ) : 5 ) 3 ] ] )

| |

1 -

3
1
1
1
1

'
(X
'
—
.
T o wem |
r
1
1
!
1
g

1
1
4
]
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L

!
1
1
1
1
1
1
1
1
1
1
’
.
\
f
1

1 Fa |
U s
]

]

]

L]

]

.

.

'

1 [

ud
1

DESMGLLT - - - - - - - - - - - -
DIAMARME - -
DICECANA i} ] :
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| 1
2 -
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DIRCPALL - - - - - - - . - - - - . - - -
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Appendix 7, Distwribution ol species by microhabitat: open canopy.

SPECIES dFLR  mFLR wFLR mDEF wDEP SEEPF MOUN dIT wi'l LOG S5TMP RMAT LANE DITCH RFLD  EMA

HEPAACLIT - - - . . ) ] . i ) ) I ;
HIERALURA
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HYDRVIRG
11YPEPERF
HYSTPATU
IMPACAI'E
INULHELI
IRISYERS
IRIS__SP
JUNCTENU
LACTCANA
LACTSERR . .
LACT__§P . I - - - - - - ] ] )
LAPOCANA | ]
LEERORYZ - . | - - - - ; ) ; ] ]
LEERVIRG - I . - - - - - ) ] ] ) _ _
LEONCARD 3 . - - - - - ; - ) . ] I ] ] _
LIPALOES . [ - - - ; - - - ] ) ) . . ] -
L.LOBEINFL [ . - .
LLORE__SP - - - i ] _
LONICANA 3 . . - - - - ; ; . . ; . . . _
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Id = o W 1 2 omm P o= 4 L
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Appendix 7. Distribulion of species by inicrohabitat: open canopy.

SPECIES dFLR  mFIR wFLLR mDEP wDEP SUEP MOUN dBIT  wPIT LOG STMP RMAT LANE JICH RFLD RMA RME RT
POPUBALS - } - - - - ?

POPUGRAN - - - - - . - -
POPUTREM - } - . - ] 3 -
POTENORY - - - - - . - I

POTHRECT - - . - . 2 5

PREN_ S g - . - - 1 - -

PRUNSERD 7 - - - - - - z ;

PRUNVIRG 8 4 - ) - 1 : ] ! 1 5

PRUNVULG - 1 I . - - - - 3 4 . ]
PTERAQUL 5 . . . . - 7

PYROELLI - - . . . - .
QUERALBA | . - . - . . -
QUERMACR | - - - ; - - -
QULERRUBR & - - - : - I: -
QULR_SP - - - - . ; .
RANUABOR 5 3 - - s ; 3 2 - - !
RANUACRL 3 : I I - : - - 3 ) I 5 : |
RANUHICA - - . . - - - - . -
RANURECY 2 2 u I | I . . { I - 2 - - . [
RHAMALNI - - - - - - -
RHAMCATH 9 5 2 ! 2 2 ] 2 5 - .
RHUSRADI 4 ] I. - ! 2 . - I -
RHUSTYPH - - - - ] -
RIBCAMER - | | - - [ - - 1 -
RIBFCYNOD 4 - } - 2 l . 1 2 -
RIBEGLAN - I - . . . . . - . - - ; - - - . .
RIBELACL - . - . - - . . - - - . . . . . - -
R{BERUBR - I . . . . . . - - : - - . . | - -
RIBETRIS 2 6 ! ] - - - - : 1 - - - - - - 3 l
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Appendix 7. Distribumion ot specics by microhabital: open canopy.

SPECIES dFL.LR  mFLR wFLR mDEPR «DEP SEEP MOUN JdPI0 «PIT 1LOG STMP

RIBE 827 - - - - - - - - - - - - - -
ROBIPSEU 2 | - - - - . - . , - _ . _
ROSABLAN - - - - - - . - - i - . }
ROSAPALL - - - - - - - - - - i - . .
RUBUALLE 3 - - - - - - . - . _ - | .
RURUIDAE 9 7 - 2 - - i I . i) -4 4] ] -
R1IBUOCCI 7 - | - - - I ] - - - i 2 i
RUBLIODOR - I - - - - - - - . - ] - -
RUBLPLUBE | & - | - - - - - 5 2 ¥ I !
RUBLU_840 - - - - - - - - - | - - - -
RLIMAHIKT - . - - - - - - - . - . - -
RUMECREI - - - - - - - - - - . - _ -
SalIBERB - - - - - - - - - - - - - -
SALIDIST - i - - - - - - - - . - - -
SALIERID - 3 1 - - - - - - - _ 1
SALIPLET] - - - - - - - - - - - . .
SAMBCANA - 3 1 | - - - - - - ! . -
SAaMBRAPU 7 ] - - - - 1 I - - - 2 ! .
SANGCANA I - - - - - a - - - - -
SANWIMAR] n - . - - - . . - i - _ ) _
SANITRIY - - - - - . - - - i - . . .
SANML 5P | - - - - - - - - - - - _
SCHIPURP & - - - - - - - - - - . . .
SCIRATIRD - - - - - - - - - - . . l .
SCUTLATE - i | - - - - - - - - I | 1
SICY ANGL - - - - - - - - - - _ | . .
SILEYULG - - - - - - . . . i - . .
SISV NONT - - - - - - - - - - - - . )
SILMSLAY - - - - - - - - i - . . . .
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Appendix 7. Diswribution ot speeies by microhabitat: open canopy.

SPECIES dFLR mFLR wFLR mEEP wDEP SFEP MOUN J4PIT  wPIT LIX]  STMP RMAT LANE DHTCH RFLD EMA RME
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Appendix 7. Distribution ol species by microbsbitat: apen canopy.

RPECIES

dFLR

mFLE wFLE mbEP

TRILEREC
TRILGRAN
TRIGAURA
TSUGCANA
TLISSFARF
TYMILATI
ULMUAMER
UNKN_751
UNKN 791
UNKN_§72
URTIDIGR
LIRTIDLOL
UVULGRAN
VACCANGL
VERBIAST
VERBTHAP
VERRURT|
VEROOFFI
VEROSERP
YIRUACER
VIBULENT
VIBUOPUL
VIBUTRIL
VICICRAL
VIOLAFT]
VIOLRI.AN
VIOLCANA
VIDLCUCU
VIOLLAHR
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APPENDIX 8

ENVIRONMENTAL DATA SUMMARY BY QUADRAT (I)
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Column Heading
PA#

Q%

¥ 5PP
¥ MH
SPM

18

MOILS

SOM
CALC
Ca:Mg
K:Mg
OMH
SEEP

DIST

PA
FC

3y

Legend

Description

patch number (label)

quadrat number {label}

# species recorded in quadrat

# microhabitats recorded in quadrat
sail parent material class:
glacio-fluvial parent material
caleareous till parent material
lacustrine parent material
calcareous outwash parent matetial
soil order class:

brunisol

gleved brunisol

luvisal

gleyed luvisol

glevsal

soil moisture class

seasonally wet depressions present
seasonally moist depressions present
all depression seasonally dry

%% sull orpanic matler

soil pH

available calcium
calcium:magnesium ratio
potassium:magnesium ratja

open microhahitat class

seep

disturbance ¢lass:

regenerating field

canopy gap

trail/lane/access road

no disturbance fearires present

patch arga

%o tarest cover in 3km x Skm square
centered on quadrat

patch isolation: mean distance to nearest
& woodlots. measured in 45 degree arcs

474

Unit/Label
numeric label
numenic label
number
nurbear

L e bed ] d L3 [ —

Led [ I —

percentape
value
cmolke
value
value

Y (ves)

¥ (noj

Z-am

hectares
percentage

Mmeres



Appendix 8. [nvironmental data summary by quadrat {1).

PAd OQn HSPP AMH 5P'M 50 MOIS SOM  pll CALLC CaMp K:Mg OMIL SEEP DIST PA rc Pl
] | 37 2 4 3 3 3.1 H.2 2.1 u.R {5 Y N F 183 44 hath:
] 2 53 2 4 3 3 R 6.7 24 1.2 0.4 M N F 183 449 214
] 3 44 4 | 3 3 7.8 7.1 1.3 143 5% Y N G [83 44 218
! 4 55 2 4 3 3 6.4 7.0 33 1.3 .5 Y M G | 3 44 228
| 5 32 | 4 3 3 0.0 72 59 5.7 1.9 N M N |83 49 228
| 6 I8 3 4 3 3 6.l 7.5 1.0 a3 1.0 M M M 183 a4 Pt
| i 41 | 4 3 3 74 132 6.7 14 U8 [y N N 183 49 138
I ] 44 3 4 i 3 M3 7.5 4 24 04 M N N 183 49 228
2 o 63 3 2 2 2 143 05 2L 23 0.3 M M N a3 41 30
2 (14 L1 4 2 1 ! 96 74 124 24 0.5 N N M 53 41 30
2 1 36 4 2 2 2 e 7.3 1949 3o {14 N N M 33 41 50
2 12 5% 4 2 K 2 130 78 1RO 27 0.4 N N N 53 41 30
2 t3 58 q 2 2 2 158 7% 17.0 3.0 0.4 N ™ N 53 a1 30
2 L4 2 q 2 ki 2 DU w1 21 0.3 N N N i3 41 50
2 L3 37 2 2 2 ] 2o 14 1.3 3.1 0.8 N N N 33 41 i1l
2 |6 a7 4 : 2 I las 13 o 1. 02 N N N 33 441 3
3 |7 41 4 4 3 i 5.4 3.6 24 20 1 N N T 432 43 413
k| 18 5l 7 q 3 3 105 53 I.4 0.4 0.3 b N TG 42 43 415
3 1% 49 i 4 4 1 G4 59 22 4.3 2.0 Y Y G 42 43 415
3 20 i 4 d 3 i 108 57 1.1 0.3 0.2 N N N 42 43 415
3 21 47 3 g 3 | 8.6 5.9 3.1 6.4 2.1 N N N 42 43 415
i 22 56 4 4 3 3 8.1 5.4 24 (.4 ([ el ¥ N TG q2 43 415
3 23 15 3 9 4 I |98 a7 137 00.¥ N M ¥ ™ 43 43 415
3 24 0 3 4 4 ! 11 a9 D2 0.0 ol M M N 42 43 415
4 23 a7 3 2 2 2 i34 - - Y N T 74 ] 450
4 26 13 e 2 2 2 15.5 - - Y M T 78 30 450
4 27 49 2 : 2 2 130 - - N M N 78 30 430

473



Onf < HY n N NoO20 &l
00 ¢ 89 N N Nl 6fE
B0t ¢ 89 N N N €
00¢ €5 9 0 N A 1) 8T
0ng ¢ 30 'y N A L0 ¥
1113 s RO N N N I gz
Ly 413 1 N N N - -
LBF of cl N N N - -
LRP 0t zl N N N - -
L8F i]% Zl N N N . -
L3P 0t I N N N - -
LBF 0t | ) N A - -
LRY 0f zl N N N - -
LEF 0t zl 1 N N - -
9¢¢ ¥ 6 N N N (0 €1
96t IF 6 N N N 90 9T
Oef 1+ 86 N N N &0  fF
183 (¥ R4 N N N D Ut
9 v %6 N N N ¢ 0%
osf 1 R N N N &0 If
95§ 1+ 86 N N N OF0  fT
IGE 14 86 y N A - TE
sk 0¢ 8L N M A - -
nsk oL 8L 3 N A - -
05k ¢ 81 1 N A . -
(118 0% 8t N N N - -
0st 0g B N N N - -
Id 2d vl LS 4335 FNO SN T

I TRy —

Uiy

&al
P
b&l
81
£el
&6l
&Rl
91

NELN

IS 0o £
A A £
Tl Fy t
L LY {
0! £s £
AN f
- 1El z
- HE] z
S B {
- il T
- il T
S 3 O b
- LT Z
S ' {
'3 £t £
atl % £
¢4 el £
ye AL £
L0 €0l £
gL BT Y
5L ¢l £
of ol Y
- B0 z
- ¥ !
- ORI I
- trl z
- 9y c
Hd  WOS STOW

08 WdS HW#  JdJ5#H

| z I L9 14 i
I n L 9t £5 i
| Z ! £F 75 ¢
I z # . 1¢ L
[ T 4 65 0% L
I T £ 8t ot i
s z f yy 2 9
T I t ] Lk g
i £ £ r oF 9
7 i £ £ Sk g
Z T £ < bt 9
i L £ 9¢ £l g
T z g e r 9
[ ry L 8 §3 g
[ z £ 13 or g
1 T I £ 0L g
| y I Lt 3¢ g
I T l 6% Lt s
| z [ 6¢ o¢ s
I Z £ CH 1 ¢
[ Z ¥ or vE g
! z ' ol £f g
z s L ) i 3 ¥
T z ¥ 9¢ It k
7 z g 98 1]3 v
z i ¥ LE 67 3
Z T z 6S R ¥

#D  #vd

([} 1esprab £g AmUwms iep JEIuaInoIIAUY C§ xipuaddy



Appendix 8. Environmental data summary by quadra {1}

Fag  O# 5P #MH  5PM 0 S0 MOLS SOM pld CALC Ca:Mp K:Mp
7 55 30 2 2 1 3 b1 6.8 4.4 1.2 {r&
7 56 48 5 2 1 3 Td 11 6.1 10 .7
# 57 30 5 2 3 3 a1 - - -

A 58 16 i 2 3 i 6.8 - - -

¥ 59 14 3 2 3 3 B2 - -

8 &0 21 2 2 i 1 89 - - . -

b &1 17 2 2 1 3 13 35 4.5 339 114
] 63 21 I 2 3 3 .1 5.8 30 3To0 237
b 63 21 3 2 3 3 .6 549 16 640 426
] 6 25 2 2 3 3 4.1 59 4.4} 430 171
o 63 33 1 2 | 3 35 6.6 4.6 2213 024
g 34) 34 2 2 | i 3.6 6.1 2.4 116.7 B&Y
g 67 35 | 2 I 3 39 5.6 L3 1288 1804
0 68 37 1 2 | 3 6.2 b2 4.1 TEE 202
g Hi &y ] 2 ! i i .2 0.7 0.5 .3
y i 34 1 z L 1 3l &3 31 FLVE T 2 8
y 71 ey ] 2 1 3 B.1 54 1.1 0.6 .3
o 73 42 2 2 1 3 fid 59 N3 [ e} {13
10 73 33 ! 4 3 3 B3 6.3 6.1 79 164
10 14 8 4 4 i 3 .l 6.7 B2 916 265
10 75 28 3 4 3 3 B2 6.4 4.4 2160 339
10 76 35 4 3 3 3 102 &% 9.5 I A
10 71 34 3 < 3 ] 8.0 6.6 7.6 718 123
10 78 60 I 4 3 3 84 6.3 4.1 1.4 0.2
10 L 47 4 4 3 3 By 74 128 RET 143
10 Bi} d1 | q 3 3 Ins 12 135 &35 127
1 L 96 4 4 | | 5.1 17 [ N I N K
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X ZARZZEE AR E L ZE 2 ZE L Z T T2 L EZ T |

OMH SELP DIST PA  FC P
N N 68 5% 30D
N G 68 55 300
N G Wl 3l 43
N N 101 3t d4M
N N 101 31 43
N N 101 M 431
N N 1 3 43
N N 101 1 43
N N 101 31 4%l
N N 101 31 431
N N 367 45 337
N N 267 45 337
N N WT 4% 37
N N 67 45 337
N N %745 317
N N w7 45 337
N N 67 45 37
N G 267 45 137
N G .
N G 82 39 294
N G 82 39 264
N N 82 39 204
N N g2 19 294
N N g2 33 204
N N %2 3% 294
M N g2 39 194
N T 34 Al 244




Appendix 8. Enviconmental data summary by quadrai (1),

PA# Q4 ASPP  fMIL SPM SO MOIS 50M  pH CALC Ca:Mp K:Mp OMH  SEEF DINT PA FC Pl

Il B2 85 3 4 ] I ERY 10 0.4 4555 4318 Y N TF 34 41 244
t B3 76 2 4 l | 4.0 8.0 Ws o 10216 771 Y N F 34 41 244
L 84 84 2 4 ] i 7.1 1.7 143 3.l 180 Y N F 34 41 244
Lt B3 749 i 4 2 2 101 &6 624 65 Y N Ci LB 41 244
Ll Ra it 2 4 d I 121 Tb 198 481 49 N N ™ 34 41 244
| 87 89 [ q 1 2 t.4 1.b 126 1133 1501 N N N EL 41 244
bl BR L 3 4 2 t 8.6 1.7 3.2 24 1 N N N L% 41 244
12 BO 57 & 4 3 t 185 59 39 x2 0.2 N W N 42 42 394
12 Q0 58 5 4 4 1 183  h3 6.4 24 03 ™ L] M 42 42 394
| el o1 62 q 4q ] 1 126 5.4 6.4 045 164 N [y N 42 42 394
k2 a2 58 4 4 ] 1 167 6.0 0,2 744 82 M L N 42 42 nd
12 93 58 3 4 3 3 172 34 0 1.9 .2 N N M 42 42 194
12 o4 34 2 4 q | 146 62 Yy 9l 96 N N N 42 42 3o4
12 05 60 3 4 4 | 176 63 46 391 6l N M 3 42 43 394
12 o5 35 4 4 4 | 131 64 125 1214 03 N M M +2 42 14
13 a7 21 3 | f 3 5.2 i 4 L TL S b M M I\ 64 &7 LY
13 o8 ity 3 { 1 3 3.7 T g2 L ol M ™ T 6.1 67 106
13 99 0 3 | 1 3 1.3 b4 k0.1 el 163 N N N 64 o7 106
13 100 17 o4 I 1 K T.6 6.3 L 22 0.2 M N M it a7 10
13 101 13 3 | 1 3 1.8 0.4 L1 26 1N N N G td a7 L 06
13 102 13 2 | 1 3 6.6 [ERY T3 11004 3346 N [\ N &4 67 | D&
13 103 14 3 | l 3 %2 6.1) 23 1.4 0.2 M N N R o [ 6
13 H4 2] 5 | { 3 4.7 0.8 w6 HLT L3 Y M T 4 67 | 06
14 103 1] 2 z 3 3 8.7 0.4 105 2031 260 N [y T 10 38 &7
14 106 238 i 2 3 3 1.1 n.8 3.0 944 356 N N T 10 38 647
14 iy 24 3 2 ] 3 1.7 6.6 S0 4 .3 N N M 10 3% 647
14 108 13 I 2 3 i B.5 5.5 9.5 Plan Mg N N M 10 ik 647
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APPENDIX 9

ENVIRONMENTAL DATA SUMMARY BY QUADRAT (II)
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Calumn Heading
Pag
Q#
#SPP
#GEN
#FAM
#ANN
#BIE
#PER
#NAT
#ALI
RF
BFO
20F

+
-+

CT

#LTS
#0-4
f#4-10
#10-30
#=30

Legend

Descripfion

patch number (label)

quadrat number (label)

# species recorded in quadrat

# genera recorded In quadrat

# families recorded in quadrat

# annual species recorded in quadrat

# bieanial species recorded in quadrat

f# perennial species recorded in quadrat

# native species recorded in quadrat

# alien species recorded in quadrat

# species with affinity for forest habitats

# species with affinity For forest + open habitats
# species with affinity tor open — ferest habitats
# species with affinity for open habittats

caver type class:

red/white oak (no sugar maple}

red/white oak + sugar maple

sugar maple (no red/white oak: no wet-mesic, wet species)

sugar maple + wet-mesic or wet species
wel-mesic or wet species (no sugar maple)
# fjve ree stems (all diameter size classes)
# ljve tree stems 0-4 ¢m dbh

# live tree stems 4- 10 ¢m dbh

# live tree slems 10-30 ¢m dbh

# live tree stems =30 cm dbhk

nit/Label
numernic label
numeric label
number
number
number
number
number
number
number
number
number
nurnber
number
number

LI T P PN I Iy )

number
number
number
number
number

NOTE: species attributes may not sum to species total since unclassified species not

included in summary.
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Appendix 9. Environmental data summary by quadral (11).

PA¥

L T - S S . N VS P I WL L L UL B PSR T P T B LR O TR NN N .

QF  HSPP  HGEN

S ot d o ko fa —

bad Bl mr
Eal— RN IS - L I Sy PER N

-l
£~

t
I

[T o ]
JtuiE B

25
26
1
28
24
30

517
53
44
55
12
38
4
44
63
58
56
59
58
62
7
57
42
31
49
16
47
56
A5
30
47
113
49
59
37
B

49
45
37
41
28
12
33
34
17
q5
44
41
47
47
3o
42
k1
1?7
34
it
344
19
P
77
17
79
37
45
32
Gl

RIFAM  HANN  &#DIE

0
3
26
k1
22
23
26
25
3]
]
28
IR
i
il
EL
e
2
27
1%
23
27
26
20
i
9
42
26
24
23
34

0

il T I i . e o R R A

e - L = = I e e T I - - - T o S A

HPER

A9
51
44
34
32
18
41
44
6l
37
53
37
56
60
17
36
44
19
A8
35
45
33
3
28
99
1411
47
38
Jo
&0

UNAT #ALL W

43
45
41
51
1]
17
18
41
58
53
30
53
53
T
¥l
52
39
18
17
34
a3
a2
32
v
84
K4
1
53
3
75

= b e Fa Pk Bd a2 de L S LA O O WM LA bt b e e e bad B D

-l
5]

— LR |
[ R (- RS |

b R I M)

wd B ]

1]

t6
15
13
16
1%
11
]

bl
a

n
11
%)

1
12

12

1

15

I'J

485

8

10

]
I3

a
10
12
Il
24
%

19
21

23

L
]

|
I
16
a0
13
12
18
t3
I
24
Lo
17

21

13

24

WEO HOF MO

el 8
2
15
18
|
]
10
12
g
g
7
3
Y
12
6
3
0
I
Ll
<
)
I8
&
q
14
Al
14
B
7
13

=

Tad =l — L by el et by o

o= - DD D e

B == Lid g C@

#4-10 A1R30 K10

T

ELURT DR U FY R LA T R = A T TR TR R AW U N B [ N . Qe

e L ke e fe 3 L Sa L b

#UIS

16
1q3
iz
56
43
n
37
I8
R0y
108
1
&4
io
0
TR
100
168
35
55
101
05
137

24
15
34
50
19
L15
A8

-4

12
|00
22
51
27
15
39
27
a0
)
78
57
70
H
68
72
160
32
53
a7
91
133
6
13
59
%
6%
62
Df
42

Db B0 L L o LA bl bl b T D LA [ SR o] B o S G ] b b w] LA oW LA LA
oo — o D e DD E e oD DD S SRS — B — B3l I



Appendix 9, Environmental duta surmmary by quacdrat ([1),

WseP

PAK  OH AGEN
4 il 16 54 1l
4 32 72 50 28
5 33 52 33 22
5 7 40 32 19
5 15 5 36 33
5 6 9 3 ]
5 17 24 25 15
5 38 47 37 22
5 39 3l 26 20
5 40 38 1l 20
6 H 15 ) 18
6 41 50 43 32
6 43 56 13 29
6 44 5% 46 27
6 13 53 4 29
6 46 44 35 2
6 a7 fid 44 33
6 18 66 47 3l
7 49 48 kL 25
7 50 39 43 24
7 51 70 A9 30
7 52 33 27 2
7 53 46 37 5
7 54 7 16 8
7 35 50 a0 30
7 56 a3 34 2
8 57 30 25 19
8 58 i 15 12
8 39 14 b4 '
8 60 2] 19 15
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Appendix 9. Environmental data summary by quadrat {11).
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APPENDIX 10

ENVIRONMENTAL DATA SUMMARY BY QUADRAT (LI}
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Column Heading
PAE
QF
#SPP
FTRE
ISHR
#VIN
#E RN
HEA
BORA
AHREB
#INH
#ADH
#ANH
#WIH
#PDH
#MEH
#NFH

#iUH
¥VEH

Legend

Deseription

patch number (label)

quadrat number (label)

# species recorded in quadrat

% tree species recorded in quadrat

# shrub species recarded in quadrat

# vine species recorded in quadrat

¥ fern species recorded in quadrat

# fern ally species recorded in guadrat

% prass species recorded in quadrat

4 herb species recorded in quadrat

# herb species dispersed by animal ingestion

# heth species dispersed by animal adhesion

# herb species dispersed by ants

# herb species dispersed by wind

# herh species dispersed by prolanged dormancy

# herb species dispersed by mechanical expulsion

# herb species dispersed by propagules with no
tacilitating morphology

# herb species dispersed by multipie modes

# herh species dispersed by vegelative expansion
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Unit/Label
numeric iabel
numenc labei
number
number
number
number
nurnber
number
number
number
nuntber
number
number
aumber
nurmber
nuntber

number
tiumber
number
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nvironmental datg summary by quadrat {(i11).
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Appendix 10, 1
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Appendix 10, Environmental data sumnary by quadrat (1H1).
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APPENDIX 1]

REPRESENTATIVE SEED DISPERSAL DISTANCES
OF NATIVE AND ALIEN SPECIES IN NORTH AMERICA



Appendixll. Representative seed dispersal distances of native and alien species in . America.

Selected references to species from other continents arg cited by country and enclosed in brackets.
Methodologies vary: direct observation, experimental treatments {indoor. outdoor). estimared
lateral dispersal distance based on terminal velocity vaives or mathematical models, and,

measured parent-seedling distances {rarely). Legend: mtd = maximum trap distance. Refercnces:
(1) Andersen 1988, {21 Andersen 1991, (3rAmaold 1951, (4} Antonovics and Ellstrand 1985.{3) Baker and O Dowd
1982, (8) Bakker 1960, (7) Beattie and Lyvone 1973, (8} Beer and Swaine |977, (%) Barg 1966, (10) Barg 1969711}
Boyd 1994, (12) Rrodie 1951, {13) Brodie 1933, { 14) Bulleck 1939 (13 Builock and Primack 1977, { 16} Bulow-
Olsen 1934, {17) Burton 1939, (18] Caim or o 1998, (19 Campbell 1933, (20 Carvey and Watkinson 1993, (21}
Caspar 1987, (321 Clark erof. 1998, (23) Culver and Beattie 1978, (24 Davidson and Morton 1881, (23] Darley-Hill
and Johnson [958, (26) Evans eraf. (987, (27) Fenster 1991, {28) Gashwiler 1969, (219) Geiger 1950, (3¢ Greene
and Jobnson 1989, (3 1) Greene and Johnson 1995, (323 Greeoe and Johnson 19958 (33) Gross 1986, (34) Giross and
Werner 198, (33} Hinds and Hawksworth 1963, {36) Hoppes 1988, {37} Howard 1970, (58) Hughes and Westoby
1992ak_{39) Flughes wr . [994 (10) lohnson 1996, (1) Johnson and Adkissan [983, (42) Johnson and Pattersan
unpubl._{43) Jules 1996, {44 Kalisz unpubl., {451 Klinkenhamer or af (988, (46) Kjellsson 1983, {17) Kohlcomann
1950, (48} Lee 1984, (49) Levin and Kerster 196%. {30} Levin and Berstee (974, €51} Marlack 1987, (323
bMeCaughey 2ol 1986, (55 )MelDonneli and Stiles [983. (34} MeEvov and Cox 987 (55) Meagher and Thampsan
1987, (561 Meslerand Lu 1983.(57) Mever and Schmid 19994 58 Morse and Scheoie 1985, {39) Muller 1955, {60
O’ Dowd and Hay [9280. {51 Ohata and Higashi 1987, (62) Okba and Levin L3285, (63} Olivieri and Gouvon 1943,
(&4 Parr e cod 1993, (63) Pembetton [958, (66) Plan 1974, (471 Plan and Weiss [ 977, {68) Pudlo er of, 1980, {69
Babinowilz and Rapp 19759, 700 Sacchi 1987, (71) Savile 1933, i72) Schaal 1980, (73) Schemske 1978 (T
Schrmitt et eff. 1983, (75} Sheldon and Burrows 1973, (78) Smith 1975, (771 Sotith 1989, (78) Smith and Kok 1984,
(7%} Stammp 1989, (30 Stamp and Lucas 1983, (31} Stamp aod Lucas 1990, {82) Swpanian and Smith 1978, 183}
Stergios 976, (34) Stratton 1994, (85) Thiede and Augspurger 1996, (86) Temback and Linhart 19940, (87 Trapp
G238, (28} Vander Wall and Balda 1977, (89} ¥enabile and Levin 1985, (90) Vickery ecwd 1986, (917 Waller 980,
(92YWatkinson 1973, (93 Webb and Willson 1985, 1941 Weiblen and Thomson 1995 (95) Wemer 1975, (961 Wemer
and Plat 1976, (97) Westlaken and Maun 1985, (98) Westoby and Rice 1981, {99 Willson ¢e ol 990,

Species Seed Dispersal Distance Rel#
bMean | Median | Maximum Range Terming!
(m) {m} {m) {m} Velocity
(CImn's)
ANTMAL DISPERSED

Fleshy Fruits

trees, shrubs. vines, herbs LT 53
(n=13 spp)
Trees (n=1]
Prunus sevodfng 23 75
3> 33
4 2 38

Sarubs (n=3)
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Appendix11. Representative seed dispersal distances of native and alien species in N, America.

Species Seed Dispersal Distance Ref.#
Mean | Median | Maxitium Rarge Termtinsal
{m} frm} (m} {m} Yelocity
{em/s)
Prunus viegimiang L0 {mtd} 93
Prunus avium 10 (e} 93
Vines (n=2)
Parthenocissus guirgpefiodia 9 io
Texfcodendran radican: 33 {mudy Ja
Firds valping 036 36
{mode)
Herbs (n=1)
Finiolacca americana 33 imud} ig
Nut Fruits
Trees (n=3)
Fugls grandijolia 4 km 41
Suglars nigra 381 g2
Cercus pafusirés 1.l km 1.9 km 2.1-1.2 km 25
3 km 41425}
Adhesive Fruits
Herhs {n=4)
Achyranthes uspera (Costa 24 Tm - L5
Rica) 24 km
Bideny sp, (Costz Rica) 12.4- ]
103.8
DeBurtes cavata L 3l
Periveria affiocea (Costa Rica) | 32.9- [
130.6
Elaiesome Seeds/Fruits
Trees {n=2)
Aracia suaveoifons { Apstralia) 10-6.5 n9 r4-{0.9 I
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Appendixl1. Representative seed disperzal distances of native and alien species in Iv, America.

Species Secd Dispersal Distance Ret#
Mean | Median | Maximum Range Terminal
{mj {m} {m} {m) Velocity
{cmis)

Aeacia terminalis (Australia) L.t () 0.2-1.9 et
Shrubs (n=3)
Benddromecan Aarfordii LX) il a
Dendromecon rigida a7 13 0

>0 11
Dilfwyeticz retoria {Australia) 1.2 11.0 O.0-11.8 it
Fremtontadendron decumbens 12 &0% &-8 Il
Herbs (n=18)
Agarum canadiense 1.5 0.1-35.0 |8
Curar pilwlifera (Denmark) n-1.4 16
Crotafarfa rotundifoliv 2.2 3|
Datura discolar x5 in 1
Dicemira formasa o ]
Ervrhranivem grardiforia 0.3 =1 1t R
Enphnriia esidi 23 (mud) 0-8 6%
Seanguingria candenyiy 0231 12 a8
Scleroloonu dicunthe 7 41T 2
(Australia) 5077

SOOI
Friflium grandifforim 1. <i-[0.0 44
Trillfum kameschaticrm 0.6 i3 0.2-3.3 &l
(Japan)
Trildinar ovatum 13 0-1.% 57
=8y <0.6 i7?

=3 twasph | F30 (wasp) 43
Trifliwm tschonoskii (Japan) 0.4 0.4 0.01-0.4 al
Finfa adorata 30 37
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Appendix! 1. Representative seed dispersal distances of native and alien species in N. America.

Specics Sced Dispersal Distance Ref#
Mean | Median | Maximum Range Terminal
(m} (m} () {mm} Yelocity
{emig)
Vicda pedoig 0.4 k]
Fiala pensvivanica 0.6 23
Fila rastuta 0.6 23
Fiala trifofa L 23
Other Fruits (n=3)
Trees
Firuy spp ATkm [2-22 km &6
Pinns ectindis A2 km 7.53-22 km 63
Herbsg
Miwnalus st | km Ty}
(dier)
WIND BISPERSED
Trees (n=31)
Abere afha 7 47 (39
225 towdy il
Acer priseum g2 124 a3
Acer negundo 411 T4 3
20 EXi]
L0d H
Acer plaransides 303 BT Al
&7 471530
3 4737
Acer preudoplaiarus 60.1 104 51
o5 AT (509
1Y AT (39
Acer rubrum 937 Th 5]
835 |mtd) 3}
Acer succhgrum 170 127 17{3
124 3l




Appendix] 1. Representative seed dispersal distances of native and alien species in N. America.

Species Seed Dispersal Distance Het #
Mean | Median | Maximum Range Terminal
{m) fr) fm) {m) Velocity
[Ci/s)
Ahizzicr frdibriviwm 6.2 134 51
Berula papvrifera 55 3T
335 (mud) kY|
Berula poapulifalia gl 39 31
Calalpa groldes 6.8 186 51
Carpinus betiulns 13 LT (39}
Carpinuy carolinigng f9.4 129 31
Cerfrus apfanticg var, Woakce 688 L2 3l
Frercinus spp =30 3% = 30 47 {29}
[20-170 31l
Fravinus amgricana 701 L4 il
131 |42 )
Lil 17032
[9.3 12
Freines ecelyiar 40,3 217 3l
53 47 139}
Lariy decidua 29 47 {349
t19 iz
Larrt laricing i 1 5-50 52
tg 3z
Liriedendron il yfera 1114 il 31
339 ]
Picea glauvca 300 3l
al 32
Picea marfong 165 oty 37
10 33
FPinas buris g i 340 32
Pinys contortd rarely 61 33
2dd 52
&) Gl 30
Pinus rigida 13.1 2
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Appendix! 1. Representative seed dispersal distances of native and alien species in N. America.

Species Seed Dispersal Distance Ref.?
Mean | Median | Maximum Range Terminal
(m} (m) (m] (m) Velocity
{cm/s)
Pirug sirofius 46 47 (3
835 ymtd} 5l
Plaianns occldeniol s 613 166 al
Frendaisuga menziesi 123 tmed) &1% E3-30 I8
26% 51-Ta Rt
13% 107-122 28
Thujo plicara 122 imtd} | T9% 13-3] 23
17% 61-76 28
Thuju pliceta 122 imid) | 4% 107122 28
ani 52
Tilicr amrericand 150 5t
L&0 3k
13.0 az
Tilier grandifotic 38 JT 39}
Titia parviflora 133 473
Tausret conodensis £9.7 22
Lilmus campetrns &0 AT (39
Shrobs (n=21}
Al erispa 5.7 Q4 ]|
Helesia monticola 8.5 338 3]
Vines (n=1"
Cfematis virginianu iz 125 i1
Crasses (n=3}
Agrosiiz fiemalis 96 a9
Ardropugon gerards 154 &9
Andrapogon glomerarus 0.1 9
Andrapagan virginicus 323 19




Appendix1 1. Representative seed dispersal distances of native and alien species in M. America

Species Seed Dispersal Distance Ref.#
Mean | Median | Maximum Hange Terminal
{m) (m} {m) () Velocity
{CTh/s)
Sehizachyrinm scopariun ol o4
141 |
Herbs {n=511
Apocym cannahinm B3.3 ts 3l
Aselepiug sevidea 133 43 249 &7
130 nudy | 4.2-25.5 58
2% 2150 58
18,1 7 3l
stscdepiay Sorices foon d) 156- 0
43.7
Apocymtitn Sibtrrc 257 75 g4 67
ASeer aoumingtug N 41 L) ii
-
Aster preonthoides 3l ai 3l
Carduns muians iy |00 | B0R <dD T8
{md
Cardews preoncephalis 43 345 b3
Cearchuarey terpsTorus 2l 0.7-2.1 8.6 T35
Curfinie crfgaric [.5 0313 58.5 75
Ceniaurns scabiose LB 0.5-1.6 RELR. 13
Cirsittm ariense 2km (mitdy 26 &
[1.4 3.8-11.4 il.6 75
Cirsivm palisire 6.8 1368 34 T3
Cirsigm ynduloiwn 184 33 0.0 &7
Cirsium vudgare 1.6 36 3
32wy S - 45
=>km 6% 1-2 43
0% =32 43
Crvpiarnitne oo 33 21
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Appendixl |. Representative seed dispersal distances of native and alien species in N, America.

Species Seed Dispersal Distance Raf.#
bhiean | Median | baximum Eange Terminal
fm) (m] (m) {m} Velocity
femfs)
Erigeron aoer 2.4 [.2-2.4 229 5
Erigeran ahnny L [-23 2
Mg =3

Evparorivm canngbrm 39 1035 3 73

T8 32 51
Euparoritnt pugasim 7.1 43 51
Heterathera fatifolig Y v 20 emid a9
Hieractm auranticeun 20 impdy B3-95% <110 23
Hierguivm ambeifamm 30 i3 il
Hypachoeris glahra 43 3
Hrporhoeris radicala 20 0.7-2.0 0.5 T
Leoriodon auiimnalis 11 f.6-1.1 3.2 )
Ligiris asperc 23 9 A5
Mirgufus gueiarys 4.8 dudty <], 3 N

B = |

Plrusafis subgiahrarg L3 g 51
Rumer obtisrfofic 23 126 i
Seructo fucobed 3.3 1.3-3.3 12.1 14
disk achenes 0.6-3.3 14 %l 4
disk achenes 5B% 1-3 54
Suntgin g pelicli 1.8 D.Ge-f.8 457 15

2.3 33 3l
Senocio viscorns 16 0926 i3 75
Senecio vulgaris re 1.0-2.9 280 15
Selidags altissima 4.9 14.9 2B ] |

f=8 { mtel) 37
Sulidagn conadensis 309 16.8-10.9 L
Sofleago siganiza 238 96
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Appendix] 1. Representative seed dispersal distances of native and alien species in N. America.

Species Seed Dispersal Distance Ref.k
Mean | Median | Maximum Range Terminal
(m) {m) (m) {m) Veloeity
{em/s)
Solidage graminifolia RIN: [2.0-21.1 13
Serlicleaper mifseonrionsis el [6.1-29.4 )
Nolidago nemaralis i9.0 279.30.0 08
Sodiclerger Figid 4.9 L5 359 g7
Sobicege specioya +1.4 378014 96
Sonchus arven iy (0.0 i3-00 M40 73
Sarchus aleraceus 0108 2
(mada)
&.0 12646 a7 T
Taraeine oficingde 23 0.8-2.3 5.7 75
i3t a7
il 1%
1.3 43 5t
Tragopegan dubis BAR]Y 34
3 {mode) 36
Tragepogon dubins 100 3l
Trugopogon porrifeding [.B 0.6-18 437 75
iR 36 N |
Rl 30 51
Trifdinm arvense 0.8 123 51
Tusifago farfara 4 km 1o} L3 &
14 [.5-4.4 (9.2 73
Tvpha latifolia 46.9 13 31
BALLISTIC DISPERSED
Shrubs {n=4}
Coanathus chngaiis L0 { ) (9 =9 26
Ceunathus leucoderms 10 {meeed) (% =9 26
Drndromecon horfordil 3.6 il g
Dendromecon rigida 1.3 +8 2948 v
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Appendix] 1. Representative seed dispersal distances ol native and alien species in N. America

Species Seed Dispersal Distance Ref.#
Mean | Median | MMaximum Range Terminal
(m) {m} im) im) Velocity
(o)
Herby (n=42)
Ballechores 5. 45 B
Amphicarpu bracreats:
chastogamous seeds L4 1.3 g =20 87
zerial cleistogamous seeds L.3 iR 259, =2 ) 87
Arcewthohiam crepiap o [4.6 i3
Cardamine hirsuio [ A4 A9 5M
Canswicr farciondaig 14-21 1.8 [ 5% =4 48
Chamagzerwio fasorcnlate n.3-0.7 T
Chrysasplemum dmeric i 4 71
Cnidoscolfus stimuforus 0.6 i.2 L
Crefaluria sp 4.3 40
Creicilaria returdifolia 9 14 21
Erodium moschatim 0.6 .9 g.0-0.% M
Enphorbict margingia 4.0 60 (50)
{reraninm coroliniarom 33 4.2 1.8-4,2 EQ
Creraminm columbinem 1.5 &0 {30
Lrerominm molle 1.5 1.8 1428 an
Crerartibt o lertanm 30 1.8 1.8 8 80
Ietpeatieons cupentis 6l 1.6 0.1-1.% 50
2.0 73
2 [.3-2 o[
2 st <0.2 T4
[5% = 1.0 T4
fmpariens paflida 10 T3
Imposiens porvifiora id a0 (30
Keanchoe b fiora 1.3 2
Lepidivem campesire 0.3-0.8 2.0 (mud} 33

3t




Appendixll. Representative seed dispersal distances of native and alien species in N. America,

Species Seed Dispersal Distance Ref#
Mean | Median | Maximum Range Terminal
{m) {m) {n} {m) Velocity
(cmis}
Lepidim vilgare R oQ
Lumaus wrvewsis 0.6 4 77
Mirella dipfctia 0.3 0.8 a.1.08 1
Mownria fontarad 2.0 &l {50)
Clenatherd Bienmie 1.3 5 120 &7
= R
Oenathera rosea 1.0 12
Cvaliy aceloselia 13 a0 {50
Phine drpnmeondif 0.3 [ .6 0.1-1.6 50
Phioe pitos 1.2 3.6 4%
Sagina decumbens 0.3 12
Sulvia fvrate 20 0320 L3
Stilfingia syhvatico (N 3a gl
Merbascum thapsus [ L1 34
Fiole domda 30 I4-30 ld
chasmopamaus seeds .G 3.8 T
cleistogamons seeds 0.8 12 T
Vielee coie eeffure t.3 2l T
Vinla eriocarp 1.2 54 7
Vil finthriatila &
Viofa larceolarn L&
Fiola papifionacea
chasmogamots seeds At + 8 7
¢|vistogamous seeds 1.0 2 7
Ficla pedata 1.4 i 7
Fioply rosirate 1.2 42 7
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Appendix] 1. Representative seed dispersal distances of native and alien species in ™. America.

Species Seed Dispersal Distance Ref.#
Mean | Median | Maximum Range Terminal
{m) {m} {m) fm) Velacily
(cmis)

Finta stricig

chasmozamons seeds i.3 30 7

clefstegameous seeds 1.1 aa 7

0.8 34 0.1-34 20

INASSISTED
Grasses (n=3}
Anrhoxantbum odoratunt : g5Ry =] 1
Fulpia ciliara 01 m
Vafpio fusciculara | T4 20, | 93
Herbs (n=11]
Chomaeliviim (ufekm [LER id 8
Chaenarrhingm minns 14 T5%4 <00 K|
Dipsacus nlvesiels 1.3 el
Echevaria gibbiflora [.1 &
Heterolheca latifolia

rty achenes 0.5-0% 12 29
Lithosprermum: corolinfense 20 medy most <1 ai
Mimulug guittatys 4.8 90
Mirahilis hirsuta 1.6 4T3

04 [.% 257 a7

Ferbena stricta 16 1.5 1686 67
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APPENDIXI2

PRINCIPAL FRUGIVORES OF EASTERN NORTH AMERICA
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Appendix 12, Principal Frugivores of Eastern Morth America. Legend: * Major frugivore (> 10 stars.
Martin oz of. 1951, as calculated by Willson 1988} Spurces: Birds: Willson 1986; Mammals: Hamilten
1941, Martin ef af. 1951: Repriles: Rust and Roth 1981, Willsan 1986, Stiles 1992,

BIRDS (n=30)
Eastern bluebird*
Northem bobwhite
Northerm cardinal
rav catbird®
Yellow-breasted chat
American crow

Fish crow*

PFumple finch
Northern tlicket

Great-crested flycatchar

Evening prosbeak

Pine grosbeak
Rose-breasted grosheak
Ruffed-grouse*

Spruce grouse

Eastern kingbird
Ruby-crowmned kinglat
Northem mockingbird*
Balumore oriole
Orchard oriole
Ring-necked pheasant
Ametican robin®
Yellow-bellied sapsucker

Fox sparrow

White-throated sparrow
European starling*
Tree swallow

Summer tanager
Brown thrasher*
Gray-checked thrush
Hermit thrush
Swainsen’s thrush
Waod thrush*

Tufied titmouse

Eastern towhee

Wild turkey

Veery

Red-cved virco
Warbling virea
Bayv-breasted warbler
Chestnut-sided warbler
Tennessee warbler
Yellow-rumped warbler
Bohemian waxwing
Cedar waxwing®*
Downy woodpecker
Pilcated woodpecker

Red-hellied woodpecker
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Appendix 12. Principal Frugivores of Eastern North America (cont’d).

MAMMALS (n=14)
Black bear*

Eastern chipmunk
Camman cottontail
New England cottontail
White-tailed deer®
Eastern red fox

Gray fox

REPTILES (n=1}

Box Turle

Munse

Crecr mouse
White-footed mouse
Eacroon

Eastern fox serrel
Eastern gray squirrel

Eastern red squirrel
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APPENDIX 13

KNOWN MYRMECOCHOQRES IN THE U/.S. NORTHEAST



Appendix 13, Known Mymmecochores inthe U8, Northeast, Sources: (1) Beattie and Lyvons 1975,
(2) Beantie 2t af. 1979, (3] Bearttie and Culver 1978_ (4} Beattie and Culver 1981, {3) Culver and
Beattie 1978, {6) Culver and Beattie 1980, {7) Gaddy 1986, {&) Gates 1941, {9} Gates 1942, {1
Gunther and Lanza 1989, (11} Handel 1976, (12) Handel 1978b, {(13) Heithaus 1981, (14} Pudlo «f
af, 1980, (15) Ruhren and Dudash 1996

Name Reference Nesting Preference

Aphaenogaster rudis 4361120014005 majority of Aphaenogester spp. nest
in the soil; usually start nest beneath
some covering object; if a lag, ants
may construct pact of nest in it bot
main part of nest 5 subretranean
(Creighton 1950, p.|39}

Aphaenogasier ferneisernyis 12 usually nests on rotlen stumps and
fallen logs with few passages running
inic the soil (Creighton. 1930, p. 139
Lynoch ef «f. 1988}

see o rudis,

L

Aphdenogaster texuna

Curnpanatis Rearcticuy 14 mosk species of Cumportatis nest in
decavine wood. especially in soft apd
rowing parts: nests that oceur in lugs
or trees rarely extend into the soil
(Creighton 1930, p.363)

Campetons pennsvivanicus B4 see U mearotico.

Cremaingaster (ineodata 7 nests in dead wood of standing or
prostrate runks {Whecler 1960, p.
208}

Formica fusca ] nests in soil beneath a covering abjec
{Creighton 1930, p.328)

Formica imtegra 3,13 nesis in stumps and inosoil under
cover of stones. logs. or branches
{Wheeler 1960. pp. 204-206).

Farmica neogagaies 8.9 nests in soil beneath stones or other
covering objects {Creighton 1950. p.
43T

Formice subsericea 1.2,5.8.13.14 nests in soil where 1t farms maounds
up o 30 cm high {Wheeler 1960, pp.
203-104




Appendix 13. Known Myrmmecochorss in the US Northeast (cont™d).

Name

Reference

Nesting Preference

Lasiuy afiemu

1.5.8.9.13,14

remarkably flexible: most species
prefer well drained soif that is not wo
dry: nest may Be Free in soil, under
stones or ather covering obiects. orin
and under rotten logs and stumps
{Creightan 1930}

Lepiotharar curvispinosus

313

genus nests by choice in preformed
cavities: 4., in crannies under rock
chips. or under bark. in holbow paigs,
dried grass stems. old galls, or empty
nut shells {Creighton 1953, p. 253)

Leprothoroy fongispinos s

(¥ ]
L

see [, curvispinusus,

Myrmecina americand

usually nests in meist shady areas,
aften under small stones (Creighton
1950, p.248)

Mormicad emervanc

92.14

mest species in genwos nest n soil
under a covering object {Creiphion
1930, p.9 1}

Myrmica fracticarnis

see M emery ol

Mvemica punciiventris

1LL3 03, 14

see M emervano.

Myrmiva spottilata

1

set M. enrervama,

Phrenofepls inipearis

13,14

often nests in damp soil in shady
positions {Creighton 1930, p. (33}

Stercmmia schmiite

habits little known: nests in wooded
areas in leaf mould. under stones or
logs or beneath thick, loose maoss
(Creighton 1930, p.135)

Tapinowa sessile

nat particulars in sail with ar withouwt
a covering ebject. under back. and in
preformed cavities of various kinds
{Creighton 1951, p 331}
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APPENDIX 14

SPECIES PREVALENT IN THE HERE LAYER IN THE
MAPLE-BASSWOOD FOREST REGION IN SOUTHERN WISCONSIN
AND PRESENT IN SUGAR MAPLE DOMINATED STANDS IN THE
VICINITY OF PETERBOROUGH, ONTARIO
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Appendix 14. Species prevalent in the herb fayer in the Maple-Basswood Forest Region in southern
Wisconsin and present in sugar maple dominated stands in the vicinity of Peterborough, Ontaria.
"®" denotes that species achieves maximwm presence in this forest type in Wisconsin.
W=Wisconsin., P=Peterborough; Flowering phenolopy at Peterborough: E=early spring flowering
{before June 1*'Y; ML=mid to late season flowering {alter June 1), Source: Curtis 1959, p.521.

B Species W | P Species W P
Actara pachypada E | Geunr canadense E
Adicnrum pedarum T | Hepwtica acutifoba ° E
Alfium tricoccum L E | Hvelrophvifum virginianum o E
Amphicarpaec bructeata ML | Luporiea canadensis wIL
Arisaema triphthum E | Mutemthemtum canadense t
Aehvrivar fifix-feming ? b Osmorfiza cfenveonii E
Bowryelium virginigmum E | Purrhenocissus inserta ML
Brackvelvirum erecium E | Fhrvme leprostaciva ML
Carex laviflora E | Fodupindtieem peftation L E
Curex pensylvanica E | Pulvyoratum pubscens E
Cwdophvilum thalictroides ® E | Prenanthes atba ML
Celasirus scandens ML | Ribes cvnosboi mL
Circaea futiana ML | Sarnrtifrcriv cantorfenyis ® E
Clavtonia carnliniana E | Soliduge Sexicanlis ML
Crypiotaenia canadensis WL | Thufivrrum divicum E
ErviRronium americdkiiim E Tredliem grandifforum ® E
Galium aparine - E | Lvwdaria grandiffora E
Creaffaam trifforsnmt ML | Fiodt ctcullaia E
Geranium maculatim E | Viols pubescens > E

MNotes:

Species prevalent in Wisconsin but absent from stands at Peterborough: Erpthronivm albidum.,

Clavionia virginica, Galfum concinnum, Sanicula pregaria, Smilax ecirrhaia.
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