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Abstract

The importance of free amino acids as a source of plant nitrogen was examined in
an Arctic coastal salt-marsh. Concentrations of inorganic nitrogen in salt-marsh soils
were low relative to those reported for most temperate soils, whereas soluble organic
nitrogen concentrations of salt-marsh soils were relatively high; the median ratio of free
amino acid nitrogen as a proportion of ammonium nitrogen was 0.36 and amino acid
concentrations exceeded those of ammonium in 24 % of samples. Growth of the salt-
marsh grass Puccinellia phryganodes on glycine in a continuous flow hydroponic
medium was similar to growth on ammonium ions at an equivalent concentration of
nitrogen. Furthermore, in short-term excised root uptake experiments, rates of glycine
uptake were equal to rates of ammonium and nitrate uptake combined when roots were
provided with all three nitrogen substrates at equal concentrations. Amino acid uptake
relative to ammonium uptake was favoured at high temperatures, high salinity and low
pH. Free amino acids turned over rapidly in the soil, with half-lives in the soil solution
ranging from 8 - 23 h for glycine, compared with ranges of 6 - 15h and 6 - 16 h for
ammonium and nitrate ions, respectively. Plant incorporation of '°N tracer injected into
soil cores was 56, 83, and 68% of incorporation by soil microorganisms for glycine,

ammonium and nitrate ions, respectively. The simultaneous incorporation of BCand N

ii



into plant roots following injection of *C'*N-glycine into soil cores indicated that at least
a portion of this amino acid was absorbed intact. In a model of the dynamics of nitrogen
movement in an Arctic salt-marsh grazed and grubbed by geese, the direct uptake of
organic nitrogen by plant roots was required to obtain rates of mineralization consistent
with empirical estimates. Overall, these results indicate that free amino acids are likely a

substantial contribution to plant nitrogen nutrition in Arctic coastal marshes.
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Chapter 1: General Introduction

1.1 Nitrogen limitation

1.1.1 The universal inaccessibility of nitrogen (N)

The lack of access to nitrogen in forms that can be used for growth and
reproduction of organisms is one of the major restrictions limiting the abundance of
different species of animals, micro-organisms and plants (White 1993). The universal
inaccessibility of nitrogen can be attributed to numerous processes that limit its
availability at different trophic levels. First, the absolute amount of nitrogen available in
the biosphere for organic synthesis by plants is scarce (Fig. 1.1); although nitrogen is the
major component of the atmosphere, 99.95% exists as extremely inert dinitrogen gas
(Sprent 1987). Only a small fraction of atmospheric N is added to ecosystems each year
(110-130 Tg yr'"), primarily by nitrogen-fixing microorganisms, and a roughly equivalent
amount (135 Tg yr'"), that is increasing, is added by industrial fixation, internal
combustion engines and leguminous crop plants (Vitousek 1994). Of the small fraction
of combined N in terrestrial and aquatic ecosystems, roughly half is in inorganic form,
most of which is available for uptake by plants. Of the remaining half, which comprises
of organic nitrogen, 95% is bound in necromass in litter and soil or particulate matter in
aquatic systems and is not readily available for plant uptake (White 1993). Despite the
relative scarcity of N in available forms for plant uptake, N demand by plants is high
relative to that of other mineral nutrients (Epstein 1965) (Table 1.1). As a result of a high
N demand in plants, the availability of nitrogenous compounds relative to carbon, light

and water is one of the most critical factors that affects plant production (Agren 1985).



Atmosphere:
N=N (99.96%)

- fixation T denitrification
(NH,) (N,O, N,)
Ecosystems:
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inorganic (0.02%)
(NH4! NO3)

Fig. 1.1 Simplified flow diagram of nitrogen (N) between the atmosphere and
ecosystems. The mass balance of N in the biosphere is noted in parentheses.



Table 1.1. Average concentrations of mineral nutrients in plant
shoot dry matter that are sufficient for adequate growth.

Element average concentration (umol g“ dry wt)
Nitrogen 1000 *
Potassium 250
Calcium 125
Magnesium 80
Phosphorus 60
Sulfur 30
Chlorine 3
Boron 2
Iron 2
Manganese 1
Zinc 0.3
Copper 0.1
Nickel 0.001
Molybdenum 0.001

* 1000 pmol g'1 dry wt of nitrogen is equal to approximately 1.4 %
of plant dry weight.

(modified from Epstein 1965)

Most plants make use of carbon to form nitrogen-free structural compounds such
as cellulose, whereas animals use many structural materials based upon proteins rather
than carbohydrates (Sprent 1987). As a result, typical C:N ratios of leaf tissue of
herbaceous angiosperms (10:1) and woody angiosperms (20:1) are higher than those of
insects (4:1), fish (5:1) and mammals (7:1) (Reiners 1986). The consequence of an
overall high carbon:nitrogen ratio in plant tissue and a high nitrogen demand in animals is
a world in which forage for herbivores is abundant, but often nutritionally inadequate
with respect to N because of the dilution of N in plant tissue and the limited intake of N
per bite. Thus, herbivores frequently exploit transient sources of concentrated nitrogen
that occur in plant tissues in either space or time, such as reproductive tissues of plants,

which may contain up to 7% N per unit dry weight or growing tissues, newly expanded



leaves or cambial tissues of plants, which contain up to 5% N per unit dry weight (Martin
and Kukor 1984).

Unlike plants, which can absorb and incorporate inorganic nitrogen into proteins,
animals must obtain nitrogen in the form of organic N (e.g. amino acids, proteins or
nucleic acids) present in the tissues of plants, other animals or microorganisms.

Although animals synthesize proteins that contain 20 L-amino acids, they are unable to
synthesize almost half of these amino acids due to the lack of specific enzymes (Klasing
1998). The amounts and balance of amino acids needed for protein synthesis are rarely
matched by those supplied in the diet. When a given essential amino acid limits protein
synthesis, all amino acids that are present in excess relative to this limiting amino acid are
of no value, except as an energy source, and may even have a negative effect on

metabolism (Calvert, Klasing and Austic 1982).

1.1.2 Forms of nitrogen available to plants in Arctic ecosystems

Driven largely by conclusions drawn from agricultural temperate systems, most
researchers have assumed that inorganic forms of nitrogen (i.e. nitrate (NO5), and
ammonium (NH,") in northern systems) are the dominant forms of nitrogen taken up by
plants (c.f. Giblin et al. 1991, Atkin 1996) (Fig. 1.2a). As a result, the majority of studies
of ecosystem N dynamics and N uptake by plants at northern latitudes have focused on
the dynamics of inorganic N (c.f. Kielland 1994). Inorganic N exists in an extremely
wide range of valency states (NH3, NH,* (-3), NoHy (-2), NH,OH (-1), N, (0), N,O (+1),
NO (+2), HNO,, NO;™ (+3), NO, (+4), HNO3, NO;™ (+5)). Biological transformations

between many of these inorganic N species are mediated by microorganisms (Sprent
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Fig. 1.2. a) Traditional model of internal cycling of nitrogen within ecosystems.

b) Proposed nitrogen cycling model for Arctic systems (Chapin 1995). ¢) Proposed
nitrogen cycling model for Arctic salt-marsh systems. Pools of nitrogen accessible
by plants are show in gray. Arrow thickness denotes relative flux. Blue dotted lines
and (-) indicate strong inhibition of mineralization or plant uptake processes and
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1987). N inputs into Arctic systems are low as a result of low rates of N fixation (Chapin
and Bledsoe 1992). When plants rely on inorganic N uptake, primary production is
closely linked to the rate at which soil organic N in mineralized to ammonium (and, in
some cases, the rate at which it is subsequently oxidized to nitrate) (Chapin 1995). In
Arctic systems, inorganic N is in short supply as a result of low mineralization rates
(0.05-05¢g m? yr'!) relative to those of boreal systems (0.9-6 g m™ yr'h, temperate
systems (1.1-20 g m? yr') and tropical systems (7-90 g m™ yr'!) (Nadelhoffer et al.
1992). Mineralization rates in Arctic systems are low as a result of the adverse effects of
low soil temperatures, frozen soils and a short growing season on soil microbial activity
(low precipitation and dry soils may also limit mineralization rates in high Arctic polar
desert sites) (Atkin 1996). Much of the inorganic N is present as ammonium because
nitrifying bacteria that convert ammonium to nitrate are particularly inactive in cold,
water-logged Arctic soils. A further consequence of low microbial activity is the
accumulation of organic nitrogen (Nadelhoffer ef al. 1992). Soil organic N is typically
composed of 40% proteinaceous materials, 35% heterocyclic compounds such as nucleic
acids, 5% amino sugars and 19% ammonium (Schulten and Schnitzer 1998). A small
fraction of proteinaceous materials exist as individual amino acids dissolved in the soil
solution (generally referred to as free amino acids). Free amino acids can be absorbed
intact by plant roots (Bollard 1959) and rapid, ‘high affinity’ uptake (c.f. Epstein et al.
1963) of amino acids has been demonstrated in a wide range of plants (Lipson and
Nésholm 2001). Direct uptake of free amino acids by plant roots has important

implications for ecosystem N dynamics, as it may uncouple primary production from



nitrogen mineralization rates in ecosystems where organic N availability is high relative

to that of inorganic nitrogen (Fig. 1.2b) (Chapin 1995).

1.1.3 The potential role of free amino acids in Arctic coastal marshes

Nitrogen is generally assumed to be the most limiting nutrient for plant growth in
tundra ecosystems (Shaver and Chapin 1986, Nadelhoffer et al. 1992), although
phosphorus availability may also limit plant growth under some conditions (Nadelhoffer
et al. 1991). In Arctic salt-marshes, plant growth is N-limited and not phosphorus-
limited, except where nitrogen loading is artificially high (Cargill and Jefferies 1984a).
The negative effects of a cold climate on inorganic N availability and uptake by salt-
marsh plants may be further exacerbated by soil salinity, thus intensifying the importance
of amino acids for plant growth in these systems. Detrimental effects of sodium chloride
on inorganic N acquisition by plants are both direct and indirect; sodium chloride inhibits
nitrification by disrupting the activity of nitrifying bacteria (McClung and Frankenberger
1985, Wilson et al. 1999) and chloride ions inhibit nitrate uptake by roots, most likely
due to the binding of chloride ions to high-affinity nitrate transporters (chloride ions are
of the same charge and shape as nitrate ions) (Cram 1973, Deane-Drummond and Glass
1982, Cerezo et al. 1999, Xu et al. 2000). Free amino acids may be an important
alternative source of nitrogen for plants growing in saline soils, particularly when
inorganic N availability is limited (Fig. 1.2c). However, data on amino acid availability
in these soils are lacking and the ability of halophytes to grow on amino acids has not

been assessed.



In intertidal marshes on the Hudson Bay coast, lesser snow geese (Chen
caerulescens caerulescens L.) heavily graze the grass, Puccinellia phryganodes,
(Jefferies 1988a, b). The growth of the vegetation is nitrogen-limited (Cargill and
Jefferies 1984a) and addition of goose faecal droppings to swards dominated by
Puccinellia results in increased standing crop within the growing season (Bazely and
Jefferies 1985, Hik and Jefferies 1990). Regrowth of Puccinellia swards following
defoliation by geese is dependent on droppings, yet estimated amounts of soluble
inorganic nitrogen in faeces account for as little as 40% of N sequestered in new plant
growth (Hik, Sadul and Jefferies 1991). Free amino acids are a potential source of

additional N in faecal material that can be utilized by plants as a source of N.

1.2 Soil free amino acids

Bulk soil solution free amino acid concentrations reported for Arctic, alpine and
temperate sites range from 1 - 150 uM (Shobert and Komor 1987, Shobert, Kockenberger
and Komor 1988, Chapin, Moilanen and Kielland 1993, Raab ef al. 1996, 1999).
Although these concentrations are from 1 - 2 orders of magnitude lower than ammonium
or nitrate concentrations present in many temperate, agricultural soils (Shobert and
Komor 1987, Shobert et al. 1988), free amino acid concentrations are within the range of
inorganic nitrogen concentrations in Arctic, alpine and boreal soils (Chapin et al. 1993,
Raab ez al. 1996, 1999, Nordin, Hogberg and Nisholm 2001, Jones and Kielland 2002).
Considerable seasonal variation in free amino acid concentrations is often present, and
consistent patterns of seasonal variation are not apparent across sites (Kielland 1995,

Raab ez al. 1999). Aspartate, glutamate and glycine are typically present at the highest



concentrations in the soil solutions, but lysine, alanine, arginine, asparagine, glutamine,
histidine, leucine and serine are also well-represented in amino acid profiles at some sites
(Abuarghub and Read 1988, Kielland 1995, Raab et al. 1996, 1999, Turnbull et al. 1996,
Schmidt and Stewart 1997, Streeter, Bol and Bardgett 2000).

The soil free amino acid pool is small and dynamic relative to the total soil
organic nitrogen pool; reported half-lives for amino acids in soils range from 1.7 - 28.7 h
(Hadas et al. 1992, Kielland 1995, Jones 1999, Lipson et al. 2001, Jones and Kielland
2002), whereas the hydrolysable and non-hydrolysable insoluble fractions of soil organic
matter exhibit turnover times of years and hundreds of years, respectively (Paul and Juma
1981). Free amino acids are taken up rapidly by both soil microorganisms and plant roots
(Barak et al. 1990, Lipson and Monson 1998, Jones and Hodge 1999, Lipson ez al. 1999,
Vinolas, Healy and Jones 2001) and may also be deaminated by extracellular enzymes
produced by algae, bacteria and fungi (DeBusk et al. 1981, Mufioz-Blanco, Hidalgo-
Martinez and Cardenas 1990).

Physical processes also affect turnover and availability of amino acids within the
soil solution (Fig. 1.3) (Jones and Hodge 1999). These processes include movement due
to diffusion and mass flow (Nye 1969, Tinker 1969, Jones 1999) fixation to the soil solid
phase, metal chelation (Jones 1999) and reaction with sugars and phenols (Iverson and
Sowden 1970). The physical behaviour of an amino acid in the soil solution is dependent
on its net charge, which is governed by soil pH. At approximately pH 6, the amino
groups of amino acids are mostly protonated (pKa 8.7-10.7) and the carboxyl groups are
mostly ionized (pKa 1.8-2.5) (Horton et al. 1993). Therefore, at pH 6 amino acid

skeletons predominately form neutral dipolar zwitterions and they become increasingly
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cationic with increasing acidity and increasingly anionic with increasing alkalinity. Seven
of the twenty amino acids involved in protein formation also have ionizable side chains.
At neutral pH, the side chains of aspartic acid and glutamic acid are negatively charged
and the side chains of arginine and lysine are positively charged.

In general, extracellular protease action on necromass is thought to be the greatest
contributor to the soil free amino acid pool in Arctic soils (Kielland 1995, Hobbie and
Chapin 1996). A model of amino acid transformations in an alpine soil based solely on
proteolytic rates and microbial uptake rates was able to predict successfully measured soil
amino acid concentrations (Lipson et al. 2001). Additional sources of free amino acids
are microbial and root cell lysis (Skogland et al. 1988), animal and microbial excretory
products, root exudates (Schobert, Kockenberg and Komor 1988, Uren 2001),

precipitation (Mopper and Zika 1987), runoff and tidal deposition (Fig. 1.3).

1.3 Plant amino acid uptake

1.3.1 Uptake from hydroponic media

While the ecological relevance of plant amino acid uptake has only been
considered in recent years, plant roots have long been known to absorb amino acids
(Virtanen and Linkola 1946, Bollard 1959, Miettinen 1959). The uptake of amino acids
by plant tissues and cell cultures is typically characterized by complex biphasic or
multiphasic kinetics, implicating (but not proving) the presence of multiple amino acid
transporters within plant cell membranes (Soldal and Nissen 1978, Reinhold and Kaplan
1984, Schobert and Komor 1987, Li and Bush 1990, 1991, 1992). However, the

complementation of yeast transport mutants with Arabidopsis cell libraries has enabled
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the isolation of individual plant amino acid transporters (Frommer et al. 1993, 1995, Hsu
et al. 1993, Kwart et al. 1993). Competitive inhibition studies on isolated transporters
have revealed that plant cell membranes contain both general amino acid transporters,
with only partial differences in substrate specificity, and transporters specific to basic
amino acids, neutral and acidic amino acids or proline (Fischer et al. 1998, Rentsch et al.
1998). Although sodium co-transport is common in animals and bacteria, there are no
known relatives of animal or bacterial sodium/amino acid co-transporters in plants
(Frommer et al. 1994). Rather, plant amino acid transporters function as proton
symporters (Boorer ef al. 1996, Boorer and Fischer 1997, Hirner et al. 1998). Many
amino acid transport genes are expressed in roots (Fischer et al. 1998). Nevertheless,
their simultaneous expression in other organs indicates that some may be involved in
amino acid transport within the plant vascular system, in addition to possible amino acid
uptake from soil.

Rapid rates of amino acid uptake from hydroponic solution have been reported for
the roots of a wide variety of plants, ranging from Arctic and alpine grasses, sedges and
shrubs (Chapin, Moilanen and Kielland 1993, Kielland 1994, Raab, Lipson and Monson
1996, 1999), to boreal grasses, trees and shrubs (Persson and Nisholm 2001), temperate
crop plants (Shobert and Komor 1987, Jones and Darrah 1994, Thornton 2001),
temperate grasses and forbs (Falkengren-Grerup, Ménsson and Olsson 2000) and tropical
trees and shrubs (Turnbull et al. 1996). Rates of amino acid uptake, both absolute and
relative to rates of inorganic nitrogen uptake, can vary by over an order of magnitude
across species, even when compared within ecosystems (Kielland 1994, Falkengren-

Grerup et al. 2000, Persson and Nisholm 2001) or genera (Raab et al. 1999). Likewise,
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although the uptake of low molecular weight amino acids, particularly glycine, is
generally most rapid (Chapin et al. 1993, Kielland 1994, Thornton 2001), the relative
rates of uptake of different amino acids vary substantially between species (Falkengren-

Grerup et al. 2000, Persson and Nisholm 2001).

1.3.2 Amino acid uptake in situ

Dual *C'*N-labelled amino acids have been used to evaluate intact amino acid
uptake in the field by using measured values of >N labelling to calculate the theoretical
shift in ">C corresponding to 100 % uptake as the intact amino acid. Mixed results have
been obtained using this technique, with 42 - 91 % of amino acids absorbed intact by
boreal grasses, shrubs and trees (Néasholm et al. 1998), 82 % by an alpine sedge (Lipson
and Monson 1998), 19 - 23 % by temperate agricultural plants (Nisholm, Huss-Danell
and Hogberg 2000, 2001) and no detectable absorption of intact amino acids by an Arctic
sedge (Schimel and Chapin 1996) and by temperate grasses (Hodge et al. 1998, 1999).
When amino acids are absorbed intact, "*C taken may be lost through respiration
(Schimel and Chapin 1996). Therefore, differences in experimental design and analytical
techniques, primarily the incubation time and the position of the labelled carbon, may be
responsible for variation in the results of in situ uptake experiments (N:sholm and
Persson 2001). There is also a large error associated with the high background *C
content in plant tissue relative to background '°N (Nisholm and Persson 2001).
Nevertheless, variation in results among experiments may genuinely reflect interspecific
variation in root uptake or differences in rates of microbial mineralization between sites

(Néasholm et al. 1998, 2000). In support of the former, it was demonstrated that the
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composition of plant communities was related to the partitioning of differentially
available forms of organic and inorganic nitrogen among species in an Arctic tundra

system (McKane et al. 2002).

1.3.3 Competition between plants and soil microorganisms

Although plant roots can absorb amino acids directly, soil heterotrophic
microorganisms have generally been considered to be superior competitors for soluble
organic nitrogen (Kaye and Hart 1997). Microbial turnover of free amino acids is very
rapid (Jones 1999) and the absence of detectable '*C incorporation in *C**N labelling
studies has provided indirect evidence that most free amino acids are mineralized prior to
root uptake in at least some systems (Hodge et al. 1998, 1999). In in situ uptake
experiments, plants tend to capture a small fraction (1-6 %) of the added amino acid
nitrogen (Lipson and Monson 1998, Lipson et al. 1999, Owen and Jones 2001).
However, plants are also generally out-competed by microorganisms for inorganic
nitrogen (Jackson, Schimel and Firestone 1989, Zak et al. 1990, Groffman et al. 1993).
Furthermore, based on the similarity of plant root and microbial amino acid uptake
kinetics, it is predicted that competition between plants and soil microorganisms should
be intense, depending on the spatial distribution of roots and microorganisms in the soil
(Jones and Hodge 1999, Vinolas, He‘,.aley and Jones 2001).

Seasonal fluctuations in microbial biomass and nitrogen availability can influence
the relative competitive abilities of plant roots for free amino acids (Lipson, Schmidt and
Monson 1999). For example, freeze-thaw cycles may disrupt microbial biomass

(Skogland, Lomeland and Goksgyr 1988) and promote a pulse in soluble organic nitrogen
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in spring runoff (Ivarson and Sowden 1970, Hobbie and Chapin 1996). However, root
amino acid uptake is also disrupted by freeze-thaw cycles and root biomass is low early
in the growing season (Lipson and Monson 1998). Therefore, much of this pulse in
amino acid nitrogen may be lost from the system. In addition to temporal partitioning of
amino acid uptake, the relative competitive abilities of plants and microorganisms can

differ substantially among amino acids (Lipson et al. 1999).

1.3.4 The role of mycorrhizae

A major difficulty in the comparison of the relative competitive abilities of roots
and microorganisms is that of separating miéroorganisms forming symbiotic relations
with plants from those competing with plants (Ndsholm and Persson 2001). Mycorrhizal
fungi constitute a large portion of the microbial biomass in soil (Chalot and Brun 1998).
Organic nitrogen may be an important source of nitrogen for plants with both ericoid and
ectomycorrhizal symbioses (Bajwa and Read 1985, Abuzinadah and Read 1986) and
vesicular-arbuscular mycorrhizal associations (Kielland 1994). In some cases,
mycorrhizal associations or specialized root adaptations, such as cluster roots, enhance
amino acid uptake beyond that of non-mycorrhizal plants (Stribley and Read 1980,
Abuzinadah and Read 1989, Bajwa and Read 1985, Turnbull ez al. 1996, Wallenda and
Read 1999). However, the range of affinities of mycorrhizae for amino acids is not much
lower than non-mycorrhizal plant roots (Lipson and Nisholm 2001) and many non-
mycorrhizal plants take up amino acids rapidly (Chapin et al. 1993, Raab et al. 1996,
Schimel and Chapin 1996). Therefore, the effect of increased absorptive area and

proteolytic activity may often be more important than uptake affinity in the improved
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acquisition of organic nitrogen as a consequence of mycorrhizal infection (Chalot and

Brun 1998).

1.3.5 Modelling plant amino acid uptake

Uptake kinetics and bulk soil solution soluble nitrogen concentrations have been
integrated to predict relative rates of amino acid and inorganic nitrogen in the field.
Based on these estimates, it has been predicted that amino acids may account for 60% of
the total N uptake of the Arctic sedge Eriophorum vaginatum (Chapin et al. 1993) and
between 10 to 82 % of the total N uptake of 10 species of Arctic graminoids and shrubs
(Kielland 1994). However, concentrations in bulk soil solution are generally inaccurate
estimates of ionic concentrations at the root surface, where depletion zones occur as a
result of uptake and microbial demand for nitrogen in the rhizosphere (Nye 1969, Tinker
1969, Jones 1999). A simulation model incorporating soil concentrations, uptake kinetics
and ion diffusion rates in the soil predicted that amino acids may account for up to 90 %
of the total nitrogen uptake of Zea mays at low inorganic nitrogen concentrations and less
than 30 % when fertilizer inputs are high (Jones and Darrah 1994). A more sophisticated
model was developed for Eriophorum vaginatum based on uptake of N into roots,
nitrogen supply from microbial mineralization and flux of nitrogen through the soil to the
root surface (Leadly, Reynolds and Chapin 1997). The output of this model predicted
that supply rate, soil buffering capacity and rates of diffusion are more important that root
uptake kinetics in determining rates of uptake in the field. However, accurate modelling
of supply rates is difficult given the large number of processes that govern the supply rate

of free amino acids to the root surface (Fig. 1.3).
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1.4 N assimilation

As a result of the high energetic cost of inorganic N assimilation, organic N is
potentially a more cost effective N source than inorganic N under conditions where
energy is a limiting factor (Schmidt and Stewart 1999). Very high costs are incurred by
nitrate assimilation, with 3 ATP equivalents required for the reduction of nitrate to nitrite
by nitrate reductase and 9 ATP equivalents required for the subsequent reduction of
nitrite to ammonium by nitrite reductase (Pate and Layzell 1990). Ammonium
assimilation, executed by the enzymes glutamine synthetase and glutamate synthase,
results in the net production of glutamate at a cost of only one ATP and one reductant per
ammonium assimilated. However, in ammonium-sensitive species, high energetic costs
may result when ammonium is pumped back out of cells after it has entered at unusually
high rates (Britto et al. 2001).

The cost of free amino acid assimilation is lower than that of inorganic N
assimilation because free amino acids can be directly assimilated into proteins in the
roots without the need for reductive steps (Pate 1986). Interconversion of amino acids
may be required to match the amino acid requirements of protein synthesis and amino
acids are generally transported from root to shoot in the form of specific amino acids,
such as the amides asparagine and glutamine (and to a lesser extent arginine, glutamate
and aspartate) (Lea and Ireland 1999). Interconversion of amino acids often occurs via
deamination or transamination, with the resulting keto acid derivative degraded into
components which can be used in the Krebs tricarboxylic acid cycle and reincorporated
into other amino acids (Beevers 1976). Amino acids are grouped into families based on

their derivations from these common biosynthetic precursors (Fig. 1.4) (Buchanan,
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Gruissem and Jones 2000). In addition to the low energetic cost of amino acid
assimilation, amino acid uptake results in the acquisition of both reduced nitrogen and
carbon. For example, Raab et al. (1996) demonstrated that glycine contributed 16% of
the total carbon assimilation of the alpine sedge Kobresia myosuroides under controlled

conditions.

1.5 Outline of thesis

The primary objective of this thesis was to test the overall hypothesis that the
direct uptake of free amino acids contributes to the growth of the dominant Arctic salt-
marsh goose forage grass, Puccinellia phryganodes. The contribution of free amino acid
uptake to net primary production was evaluated in the context of the N dynamics of the
entire ecosystem. In order to meet these objectives, a series of sampling protocols,
experiments and modelling approaches was performed at numerous scales, ranging from
the level of individual plants, to patches of salt-marsh sward, to the entire ecosystem (Fig.
1.5). In Chapter 2, the hypothesis that free amino acids account for a substantial fraction
of the soluble N pool in salt-marsh soils was tested by comparing concentrations of free
amino acids in soil solutions with those of ammonium and nitrate ions. The hypothesis
that P. phryganodes can grow on the amino acid glycine as the sole nitrogen source was
then tested in the field with the use of a continuous flow hydroponic system to which
nutrients were added. In Chapter 3, the hypothesis that P. phryganodes can take up free
amino acids rapidly over a range of salinities, pH values and temperatures was tested by
examining the uptake of 15N-labelled substrates by excised roots in hydroponic solution.

These experiments were used also to test the hypothesis that free amino acids are taken
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up rapidly in the presence of ammonium or nitrate ions. In Chapter 4, the hypothesis that
free amino acids are taken up intact by P. phryganodes in situ was tested by injecting
13CISN-glycine tracers into soil cores and monitoring the incorporation of **C and N
into plant tissue. '°N tracers were also injected into soil cores to test the hypothesis that
P. phryganodes competes effectively with soil microorganisms for amino acid N. In
Chapter 5, a model of the dynamics of nitrogen movement in an Arctic coastal marsh
grazed by lesser snow geese was developed in order to examine the assertion that soluble
organic N uptake by plants enhances net annual primary production and the net N
incorporation by geese. This model was parameterized using estimates of compartment
sizes and rates of N transport between these compartments that were obtained from
earlier studies at La Pérouse Bay, MB.

In Chapter 6, results presented in this thesis are synthesized and the potential for
free amino acid uptake by P. phryganodes in Arctic salt-marsh soils is discussed. In
addition, the implications of soluble organic uptake by plants of these salt marshes for the
N dynamics of the salt-marsh ecosystem are examined. Key technical limitations that
currently hinder the study of amino acids uptake by plants in northern coastal regions are

discussed also and directions for future research are proposed.
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I Plant level

CHAPTER 3 4

a) Excised root uptake
experiments
- uptake kinetics
- regulation of uptake
- effects of temperature,
pH and salinity

CHAPTER 2

a) Continuous flow experiment
- N growth response
- growth on different N
substrates
I Patch level b) Soil solution sampling
- relative availability of N
substrates.
- faecal inputs of N

complexity

CHAPTER 4

a) In situ tracer experiments
- N turnover
- plant N uptake
- microbial N immobilization

III Ecosystem level
CHAPTERS

a) Model of ecosystem N
movement
- model parameterization
- sensitivity analyses

v

Fig. 1.5. Outline of experimental and modelling approaches presented in the thesis and
their associated scales of observation.
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Chapter 2: Free amino acid, ammonium and nitrate concentrations in
soil solutions of a grazed coastal marsh in relation to plant

growth

2.1 Abstract

Soluble free amino acids, ammonium and nitrate ions as sources of nitrogen for
plant growth were measured in soils of a coastal marsh grazed by snow geese in
Manitoba, Canada. Amounts of nitrogen, primarily ammonium ions, increased in the
latter half of the growing season and over winter, but fell to low values early in the
growing season. Free amino acid concentrations relative to ammonium concentrations
were highest during the period of rapid plant growth in early summer, especially in soils
in the intertidal zone, where the median ratio of amino acid nitrogen to ammonium
nitrogen was 0.36 and amino acid concentrations exceeded those of ammonium ions in
24% of samples. Amino acid profiles, which were dominated by alanine, proline and
glutamic acid, were similar to goose faecal profiles. In a continuous flow hydroponic
experiment conducted in the field, growth of the salt-marsh grass, Puccinellia
phryganodes, on glycine was similar to growth on ammonium ions at an equivalent
concentration of nitrogen. When supplies of soil inorganic nitrogen are low, amino acids
represent a potentially important source of nitrogen for the regrowth of plants grazed by

geese and amino acid uptake may be as high as 57% that of ammonium ions.
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2.2 Introduction

Although soil inorganic nitrogen (N) is often the primary source of plant N (Glass
et al. 1999, Murphy et al. 2000), soluble organic nitrogen in soils may also be utilized by
plants (Lawes and Gilbert 1881). In Arctic and alpine soils, for example, low
temperatures, a short growing season and often low precipitation slow rates of N
mineralization which results in the accumulation of organic N, including free amino acids
which can be readily taken up by plants (Kielland and Chapin 1992, Nadelhoffer et al.
1992, Chapin, Moilanen and Kielland 1993, Kielland 1994, Atkin 1996, Raab, Lipson
and Monson 1996, 1999). In addition, in some polar soils, these environmental effects on
availability and uptake of nitrogen by plants may be further exacerbated by soil salinity.
Detrimental effects of sodium chloride on inorganic N acquisition are both direct and
indirect; sodium chloride inhibits nitrification (McClung and Frankenberger 1985,
Wilson ez al. 1999) and the presence of chloride ions inhibits nitrate uptake by roots
(Cram 1973, Deane-Drummond and Glass 1982, Xu et al. 2000). Although free amino
acids may be an important alternative source of nitrogen for plants growing in saline
soils, particularly when inorganic N availability is limited, data on amino acid availability
in these soils are lacking, and the ability of halophytes to grow on amino acids as the sole
source of nitrogen has not been assessed.

In the present study, concentrations of free amino acids, ammonium and nitrate
ions were determined in soil solutions of an Arctic coastal marsh in which lesser snow
geese (Chen caerulescens caerulescens 1.) heavily graze the dominant grass Puccinellia
phryganodes that has a diminutive growth form (Jefferies 1988a, b). The growth of the

vegetation is nitrogen-limited (Cargill and Jefferies 1984a) and addition of goose faecal
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droppings to swards dominated by Puccinellia results in increased standing crop within
the growing season (Bazely and Jefferies 1985, Hik and Jefferies 1990). Much of the
soluble faecal nitrogen is leached from droppings within 48 hours (Bazely and Jefferies
1985, Ruess, Hik and Jefferies 1989). Faecal inputs can be high (< 175 g fw m? wk')
during the growing season and droppings are widely dispersed (Jefferies and Rockwell
2002). Results from an experimental study indicated that although regrowth of
Puccinellia swards following defoliation by geese was dependent on droppings,
estimated amounts of soluble inorganic nitrogen in faeces were inadequate in some
grazing treatments to account for N sequestered in new plant growth (Hik, Sadul and
Jefferies 1991). A likely source of additional N in faecal material is the presence of free
amino acids. Consequently, we have compared free amino acid profiles in soil and faeces
and determined the ability of Puccinellia to grow on an amino acid as the sole source of
N.

The following questions were addressed: 1. How do seasonal changes in the
concentrations of free amino acids in the soil solution compare with those of ammonium
and nitrate ions? 2) Are there differences in the N profiles between intertidal sites that are
flooded with sea water in late summer and autumn and supratidal sites which are flooded
no more than two times every three years? 3. How much temporal and spatial variation in
amino acid profiles is present at a site and are the free amino acid profiles of faecal
extracts and soil solutions similar? 4. Is the growth response of tillers of Puccinellia
phryganodes grown in continuous flow hydroponic solutions, in which either glycine or

ammonium ions is the sole source of N, similar?
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2.3 Materials and methods

2.3.1 Study sites

The study was conducted in a grazed Arctic coastal salt marsh at La Pérouse Bay,
Wapusk National Park, located approximately 30 km east of Churchill, Manitoba, Canada
(58° 43 N, 94° 26 W), on the south-west coast of Hudson Bay. The marsh can be
subdivided into an intertidal zone, that is tidal in late summer and autumn, but not from
snow melt until late July, and a supratidal zone that is rarely flooded with sea water. The
vegetation of the intertidal marsh is dominated by Puccinellia phryganodes (Trin.)
Scribn. and Merr. and Carex subspathacea Wormskj, which form discontinuous swards
because of early spring grubbing by lesser snow geese that leads to sward destruction
(Jefferies 1988a,b). Net above-ground production of intact swards has been estimated to
be between 100 and 150 g m?year” (Cargill and Jefferies 1984b, Hik and Jefferies
1990). Further inland, the supratidal zone also is dominated in low-lying areas by swards
of P. phryganodes and C. subspathacea, but low shrubs, predominately Salix
brachycarpa Nutt., and grasses, especially Festuca rubra L. and Calamagrostis
deschampsioides Trin., colonize frost-heave sites. Nomenclature follows Porsild and
Cody (1980).

Soils were classified as Regosolic Static Cryosols (Agriculture Canada Expert
Committee on Soil Survey 1987, Wilson and Jefferies 1996). Soils in the intertidal zone
have a greyish mineral horizon of marine sediment in which the top 1-2 cm contains

organic material. Concentrations of exchangeable ammonium and nitrate ions range from

3.5-8 and 0.2-1 ug N g soil and soils are often highly reduced (E; =50 mV) in spring,
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especially where they are close to drainage channels (Wilson and Jefferies 1996). In the
supratidal marsh, a mineral base is covered by 3-4 cm of dark brown-black highly
humified organic material. Soil pH averages 7.12 +/- 0.04 (n=24) in both the intertidal
and supratidal marshes. The salinity of extracted soil solutions can rise to as high as 40 g
Na'/L in late summer in intertidal sites devoid or nearly devoid of vegetation. However,
beneath intact swards the salinity of the bulk soil solution in summer is at or less than that

of sea water (c.12 g Na* LY (Srivastava and Jefferies 1995, Wilson and Jefferies 1996).

2.3.2 Soil and faecal material sampling

Soils were sampled from rooting zones of intact Puccinellia swards at 3 tidal and
3 supratidal sites (>1 km distance between sites) on 9 sampling dates starting 29 May
1999 and ending 30 July 2000 (refer to Fig. 2.1 for sampling dates). On 1 November
1999 and 29 April 2000, only 2 and 5 sites were sampled respectively as other sites were
snow or ice-bound. Spring melt occurred in late May or early June and soils froze again
in early October. Permafrost was 30-50 cm beneath the surface (Wilson and Jefferies
1996). Within each site, 3 replicate samples (15 cm X 15 cm X 3 cm deep) were
collected approximately 50 m apart. Samples were kept cool (3-5 °C) and extracted
within 24 hours by hand squeezing (and by centrifugation on 1 July and 21 July 1999).
Results from squeezing were compared with those based on water extraction using a
ceramic cup tensiometer (model 1905, Soil Moisture Equipment Corp., Goleta, CA) and
data sets were similar for concentrations of individual amino acids (r*=0.95). However,
ammonium ions concentrations in tensiometer samples were approximately one-tenth of

those in samples collected by squeezing. Raber et al. (1998) have shown centrifugation
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is a suitable method for obtaining soil solutions. Fresh goose faeces (n=6) were collected
from both intertidal and supratidal marshes on 30 June and 21 July 1999 and extracted in
60% ethanol (15 g f.w. in 75 mL) for 6 h. For all analyses, latex gloves were worn and
glassware was acid-washed to minimize contamination. Appropriate blanks and
standards were used for all analyses to correct for potential contamination and deionized
water washings from gloves yielded no amino acid contamination. Extracts were filtered

through Whatman GF/A glass filter paper and frozen at -20 °C until analysis.

2.3.3 Soluble nitrogen analyses

Free amino acids in soil solutions and faecal extracts were separated by reverse-
phase HPLC through 2 Waters PICO-TAG columns (3.9 mm X 300 mm; packing
material 3 um NOVAPAK) at a temperature of 46 °C, following the method of
Bidlingmeyer et al. (1987). Samples were pre-column derivatized using a methanol-
water-triethyamine-phenylisothiocyanate (7:1:1:1) reagent to form phenylthiocarbamyl
derivatives of the amino acids, eluted with a Waters PICO-TAG gradient and
fluorescence was measured at 254 nm.

Ammonium and nitrate (as nitrite) concentrations were determined
colormetrically following reaction with phenol-sodium nitroprusside (Solorzano 1969)
and Marshall’s reagent respectively using an auto analyser (Pulse Instrumentation Ltd.,
Saskatoon, Saskatchewan). Nitrate was reduced to nitrite prior to analysis (Keeney and
Nelson 1982). Total soluble nitrogen was measured for pooled samples at a site, on each
sampling date, using alkaline persulfate oxidation (Cabrera and Beare 1993), followed by

analysis for nitrate (as nitrite). By subtracting ammonium, nitrate and total free amino
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acid concentrations from the total nitrogen concentration, an estimate of the concentration
of unidentified soluble nitrogen sources was obtained. The fraction of unidentified
soluble nitrogen that comprised of proteins and peptides was estimated for a small subset
of samples (n=3) by evaporating and hydrolysing aliquots of samples prior to HPLC

analysis.

2.3.4 Continuous flow experiment

A continuous flow hydroponic experiment was assembled under field conditions
in an experimental garden in the supratidal marsh at La Pérouse Bay. Plant material was
collected from a single patch to minimize genetic variation. Individual tillers (shoots
approx. 2.5 cm long and roots approx. 5 cm long) of P. phryganodes, that had only
actively growing white roots produced within the season, were placed in 250 mL culture
vessels sunk into the ground. The roots were bathed in one-tenth strength N-free
Hoagland’s solution containing 50 mM NaCl to which was added the appropriate
nitrogen source to give final concentrations of either 10, 100 or 1000 pM of ammonium
or 100 uM of glycine. Solutions were gravity-fed from 45 L polypropylene reservoirs
into sets of 6 culture vessels, drained into 40 L reservoirs sunk into the ground and fed
back to the 45 L reservoirs via Rio 180 powerhead pumps (TAAM Inc., Camarillo, CA).
Solutions in the reservoirs were well agitated and the flow rate into culture vessels of 350
mL min™ ensured that the solutions were replaced every 45 s. Reservoirs and culture
vessels were connected via Tygon 80-H tubing and culture vessels were positioned
randomly within three blocks. Solutions were changed every second day to avoid

bacterial growth and to ensure a nitrogen depletion of < 5%, and light was excluded from
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culture vessels, reservoirs and tubing to stop algal growth. Solutions remained clear at all
times and examination of roots under a light microscope showed no accumulation of
slime on roots and no evidence of the build-up of bacterial plaque on the root surface
under high magnification (X 600).

Tillers were transplanted on 22 June 2000 soon after melt and plants were
harvested on 5 July , 20 July and 4 August (6 replicates per nutrient treatment per
harvest). Root and shoot material was washed in deionized water, dried at 60 °C for 4
days and then weighed and ground. Nitrogen content was determined using Kjeldahl
digestion followed by analysis for ammonium concentrations as indicated above.

Sub-samples of root material were collected and preserved in 60% ethanol for
estimations of root surface area in order to calculate net nitrogen fluxes into roots during
the experiment. Root surface area was estimated by measuring length and diameter of
primary and secondary roots and roots hairs under a light microscope. For diameter
measurements, roots were immersed in glycerin and diameter, root hair length and
number were quantified for 0.4 mm long segments at 3 mm intervals along the root
length (n=2 tillers per treatment per sampling date).

In a separate study, transpiration rates were determined in order to assess whether
mass flow alone to the root surface could account for the estimated net fluxes of N.
Water loss from sealed culture vessels with tillers was measured over 24 hrs and
measurements were made four times during the season using six replicates at a range of
air temperatures and light conditions. Leaf surface area was estimated in a similar

manner as root surface area based on leaf length and incremental diameter measurements.
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2.3.5 Data analyses

Mean free amino acid, ammonium and nitrate concentrations were compared
between the intertidal and supratidal marshes on each sampling date using a Tukey HSD
multiple comparisons test. This test is an exact alpha-level test when sample sizes are
equal (Tukey 1953).

For the continuous flow experiment, mean responses and standard errors for all
treatments at each harvest date were estimated and plotted. Full factorial ANOVA
models were used to test for significant differences between harvest dates and treatments
for plant dry weight, N content of plants as a percentage of dry weight (both log-
transformed) and the root:shoot ratio. Within harvest dates, treatment differences were
assessed using pairwise t-tests. In all cases, blocks were pooled due to a lack of
significance of block effects (p>0.75).

For each treatment, regression lines were fitted to log-linear plots of estimated
root surface area and cumulative total N uptake over time. Regression equations were
used to estimate the daily flux of N per unit of root surface. Estimates of daily N uptake
were used to calculate the rate of transpiration required to supply sufficient N to the root
surface only via mass flow assuming steady-state conditions (Tinker 1969). These rates
of transpiration were also expressed as the required transpiration rate per unit leaf area, in

order to meet the estimated net N influx and compared with measured transpiration rates.
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2.4 Results

2.4.1 Temporal and spatial trends in soluble N

For both intertidal and supratidal sites, concentrations of soluble N were relatively
low at the beginning of the growing season after snow had melted. They increased later in
the growing season (late July in both 1999 and 2000) and over the winter, and fell back to
low values at the beginning of the following growing season (Fig. 2.1). The seasonal
trends in concentrations of soluble N were determined largely by the presence of
ammonium ions, which, on average, were the dominant form of soluble nitrogen (Fig.
2.2). Although total free amino acid concentrations rose over the winter in the intertidal
zone and declined in the supratidal zone, seasonal trends in free amino acids (and nitrate
concentrations) were less pronounced than those of ammonium ions.

The proportion of total free amino acids relative to inorganic nitrogen was highest
during the growing season, when ammonium concentrations were at their lowest (Fig.
2.2). This proportion was also highest for intertidal sites, where ammonium and total free
amino acid concentrations ranged from 53-203 uM N and 25-47 uM N respectively
(nitrate concentrations ranged between 8-37 uM N) and the median proportion of total
amino acids to ammonium was 0.36 throughout the growing season. Due to both high
spatial heterogeneity and a lack of dependence between ammonium and total amino acid
concentrations, this ratio varied widely between samples (Fig. 2.3). As a result, amino

acids were present at concentrations greater than
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Fig. 2.1. Seasonal trends in persulfate oxidation estimates of total soluble nitrogen
in soil solution samples collected from a) the intertidal zone and b) the supratidal
zone of a salt-marsh at La Pérouse Bay, Manitoba, over 14 months. Each bar
represents the mean of three sites (3 replicates chemically pooled per site) and
lines denote standard error.
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Fig. 2.2. Seasonal trends in free amino acids, ammonium and nitrate concentrations
in soil solution samples collected from a) the intertidal zone and b) the supratidal zone
of a salt-marsh at La Pérouse Bay, Manitoba, over 14 months. Each bar represents
the mean of 3 sites (3 replicates per site) and lines above the bars denote standard
error. Common lower case letters denote a lack of a significant difference between
soluble nitrogen species within a given sampling date (Tukey's HSD test).
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those of ammonium ions in 24% of soil extracts sampled from intertidal sites during the
growing season.

Mean concentrations of unidentified soluble nitrogen compounds were higher in
intertidal sites (188 +/- 37 uM nitrogen, n=25) than in supratidal sites (77 +/- 19 uM
nitrogen, n=25), where they accounted for 42% and 24% of the total soluble nitrogen
pools respectively. From 52% to 98% of unidentified soluble nitrogen compounds were
proteins and peptides. For both intertidal and supratidal sites, concentrations of
unidentified soluble nitrogen compounds were highest during spring melt (May 30-June
10, 2000; spring melt soil water was not sampled in 1999, as melt occurred in April
before our arrival).

Soil amino acid profiles were dominated by alanine and to a lesser extent proline
and glutamic acid (Fig. 2.4). Other amino acids present at relatively high concentrations
included gamma-aminobutyric acid (gaba) and valine, that were prevalent in intertidal
sites, and leucine, lysine and tyrosine, which were present at all sites. Lysine
concentrations were highly correlated with air temperature; they were high throughout
the growing season and low in winter in both intertidal and supratidal sites (Fig. 2.4). In
the intertidal marsh, other amino acids, such as valine and glycine, showed the opposite
trend and high concentrations were present at low temperatures. However, these
increases were not proportional increases, as the total amino acid pool also increased at
this time. The free amino acid profile of faecal matter extracts collected in 1999 closely
resembled that of soil solution collected over the same period (Fig. 2.5). Concentrations
of individual amino acids expressed as a proportion of total amino acid concentration

were statistically indistinguishable between faecal extracts and soil solutions for 16 of the
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Fig. 2.4. Mean concentrations of amino acids present in bulk soil solutions of a) the intertidal
zone and b) the supratidal zone of a salt-marsh at La Pérouse Bay, Manitoba. Data are pooled
for sampling dates where the mean soil temperature was greater than 2 °C (black bars: 13 June,
1 July, 21 July 1999 and 28 June, 30 July 2000 and less than 2 °C (white bars: 29 May,

1 November 1999 and 29 April, 6 June 2000. Amino acid key: asp=aspartic acid, glu=glutamic
acid, asn=asparagine, ser=serine, gln=glutamine, gly=glycine, his=histidine, arg=arginine,
gaba=gamma-aminobutyric acid, thr=threonine, ala=alanine, pro=proline,
aaba=alpha-aminobutyric acid, tyr=tyrosine, val=valine, met=methionine, cys=cysteine,
ile=isoleucine, leu=leucine, phe=phenylalanine, try=tryptophan, lys=lysine.
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22 amino acids tested, although concentrations did differ significantly between soil and

faeces for glutamic acid, glycine, lysine, phenylalanine, tryptophan and valine (Fig. 2.5).

2.4.2 Continuous flow uptake experiment

At the finél harvest, biomass of P. phryganodes tillers grown in a solution of 100
MM glycine was comparable to the biomass of tillers grown at an equivalent ammonium
concentration (Fig. 2.6a). In response to a higher ammonium concentration, tillers
increased biomass production and nitrogen uptake, although total nitrogen uptake per
plant at the final harvest appeared to saturate between external ammonium concentrations
of 100 and 250 uM (Fig. 2.6b). Total nitrogen uptake per plant was comparable for tillers
grown on both 100 uM glycine and ammonium (Fig. 2.6b). Tissue N as a percentage of
dry weight increased until day 28 then levelled off between days 28 and 43 for all
ammonium treatments. It continued to increase for the glycine treatment, which reached
the same percent N values by day 43 as those in tissues of plants grown at the two highest
ammonium treatments (Fig. 2.6c). Root:shoot ratios decreased sharply between days 28
and 43 for all treatments with the exception of the 10 uM ammonium treatment, where
the root:shoot ratio remained high (Fig. 2.6d). From the results of the continuous flow
experiment, we can estimate that soil amino acids contribute up to 57% of the nitrogen
taken up by swards of Puccinellia in the intertidal zone during the snow-free season
relative to ammonium N. This estimate is obtained by calculating the total uptake of
ammonium and glycine N per tiller over 43 days as a function of the external

concentrations of N (Fig. 2.6b). A constant proportion of glycine uptake relative to
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Fig. 2.6. Plots of a) total dry weight versus day, b) total nitrogen at final harvest versus N
concentration in the growth solution, ¢) whole plant %N versus day and d) root:shoot
ratio versus day for individual tillers of Puccinellia phyryganodes grown in hydroponic
culture at fixed nitrogen concentrations in the field at La Pérouse Bay, Manitoba, from 22
June to 4 August 2000. Error bars denote standard error (n=6). Full factorial ANOVA
results are as follows: a) total dry weight - day (F=210, p<0.001), treatment (F=2.86,
p=0.044), day*treatment (F=2.00, p=0.124), c) %N - day (F=33.9, p<0.001), treatment
(F=8.55, p<0.001), day*treatment (F=0.51, p=0.678), d) root:shoot - day (F=11.85,
p=0.001), treatment (F=3.44, p=0.022), day*treatment (F=3.24, p=0.028). Lower case
letters denote treatment differences within sampling dates as determined using pairwise t-
tests. Curve fitted to data for total N uptake versus N concentration in b) was obtained
using OLS regression: total N uptake = 0.347+2,87(]-¢ 0-0178concentration)
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ammonium uptake was assumed over all concentrations based on the proportion at 100
UM. Values of N uptake were adjusted to reflect uptake expected when the
concentrations of these N sources in the bulk soil solution were expressed as mean values
for the growing season (ammonium: 103 pM, amino acids: 39 uM). Mean nitrate
concentrations in intertidal soils were low (20 uM) and nitrate uptake was not estimated
as the growth response to nitrate was not determined experimentally.

Estimates of the mean net nitrogen flux across the root surface necessary to
sustain mean tissue concentrations ranged between 0.17 and 1.26 pmol cm™d! for plants
in the solutions of 10 and 1000 pM ammonium chloride respectively (Table 2.1).
Estimated mean rates of transpiration from leaves required to supply sufficient nitrogen
to the root surface solely as a result of mass flow were 14 and 0.20 H,O cm™ d™!
respectively for these plants (Table 2.1). These values greatly exceeded the observed
transpiration rates in the field, which ranged from 0.005 to 0.04 g H,0 cm™2 d*,
indicating that diffusion as well as mass flow influences the nitrogen supply rate to the

root surface.

Table 2.1. Range of estimates for daily nitrogen flux across root surface and transpirational flow
required to maintain a constant net supply of nitrogen to the root surface via mass flow for tillers
of P. phryganodes grown in hydroponic culture.

daily nitrogen flux (umoles N cm? d™)
10 uM NH,CI 100 M NH,CI 1000 pM NH,CI 100 pM glycine

0.17-0.58 0.62-1.05 0.49-1.26 0.45-0.87

required transpirational flow (g H,O cm? d™)
10 UM NH,C 100 tM NH,Cl 1000 t(MNH,CI 100 uM glycine

7.6-14.0 1.6-2.9 0.20-0.22 1.9-2.4
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2.5 Discussion

2.5.1 Temporal and spatial trends in soluble N

Despite seasonal and between-site variation in free amino acid concentrations in
soils, the size of the soluble N pool was determined primarily by changes in the
concentration of ammonium ions, the dominant form of soluble N. Nitrate concentrations
were particularly low as a percentage of total soluble N (Fig. 2.2). However, during
much of the early and mid-growing season when there was a rapid increase in standing
crop, ammonium concentrations in soil solutions were also low. Free amino acids
contributed most to the soluble nitrogen pool at this time, especially in intertidal sites,
where N present in amino acids exceeded NH,*-N in nearly a quarter of samples
collected during the growing season (Fig. 2.3). Tillers may exploit soil patches rich in
amino acids in order to meet the N demand for growth following defoliation by geese.
The degree to which this occurs is dependent on both the extent of amino acid rich
patches and the ability of plant roots to exploit these microsites (Hodge et al. 2000).
Although the relative contribution of free amino acids to the soluble N pool is lower than
that found in other Arctic sites (Chapin et al. 1993, Kielland 1995), where free amino
acids exceed inorganic N by an order of magnitude, the results are comparable to those
reported for alpine sites (Raab, Lipson and Monson 1996,1999), and they far exceed the
relative contribution of free amino acids to the N pool in temperate or subtropical soils
(Shobert and Komor 1987, Shobert, Kockenberger and Komor 1988, Turnbull et al.
1996). In Arctic soils where free amino acids exceed solubie ammonium ions by an order
of magnitude, enhanced extracellular protease activity at low soil pH may be responsible

for the high levels (Kielland 1995).
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In both intertidal and supratidal sites, soluble N concentrations rose during late
summer and in winter (Fig. 2.1). Increases in soluble N in winter may be linked to
freeze-thaw events (16 per year, on average, in the Churchill area, c.f. R. Bello,
unpublished data) and brought about by the lysis of bacterial and root cells (Skogland et
al. 1988, Hobbie and Chapin 1996), and leaching of soluble nitrogen from senescent
leaves (Kielland 1995). This build-up of soluble N is responsible for the pulse of
nitrogen present in spring melt water, much of which may be lost as runoff since plant
uptake is low due to low root biomass, cold temperatures and frozen conditions
immediately below the soil surface (Hobbie and Chapin 1996, Brooks et al. 1998). In
both supratidal and intertidal sites, spring melt was characterized by relatively high
concentrations of unidentified soluble N compounds (comparison of Figs 2.1 and 2.2),
that is consistent with cell lysis and litter breakdown associated with freeze-thaw cycles.
Although this assertion may appear to be contradicted by the fact that the high NH,"-N
concentrations of frozen samples from the intertidal zone in late April, 2000 exceeded the
estimated total soluble nitrogen, the estimate may have been biased by high
concentrations of dissolved organic carbon, which can compete with soluble nitrogen for
oxygen during the persulfate reaction (Cabrera and Beare 1993). Ammonia volatilization
may also result in incomplete N recoveries from solutions containing high initial
concentrations of ammonium ions when alkaline oxidation is employed (Ross 1992).
From 52% to 98% of unidentified soluble N compounds were proteins or peptides. Since
small peptides can be taken up by plant roots (Stribley and Read 1980), this pool of
nitrogen may represent a further source of organic N for coastal plants, beyond that

measured in this study. Based on the findings of Lee (1988), it is likely that amines (and
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urea) are also an important component of the remaining unidentified nitrogen
compounds. However, aside from samples collected in April 2000, soluble inorganic
nitrogen and free amino acids accounted for the majority of the total soluble nitrogen (58-
76%).

In contrast to intertidal sites, where amino acids concentrations rose over the
winter, amino acid concentrations declined in soils in the supratidal marsh (Fig. 2.2).
This disparity between supratidal and intertidal sites may be related to differences in
snowpack and ice cover, which influence soluble nitrogen concentrations due to their
effects on soil temperature and water availability (Brooks ef al. 1998). In intertidal sites,
a thick layer of ice (30 cm) was present in winter and early spring, under which soils
were both frozen and highly anoxic. Freeze-thaw cycles of a few days do not lead to the
disappearance of this ice layer. In supratidal sites, in contrast, where snow was
frequently blown elsewhere exposing the soil surface and highly reduced conditions were
not present, mineralization rates may have been higher, especially during freeze-thaw
cycles, leading to a decline in free amino acid concentrations. Breakdown and
decomposition of litter can occur beneath snowpacks in winter during freeze-thaw cycles

(Hobbie and Chapin 1996).

2.5.2 Amino acid profiles

The free amino acid profiles of soils are generally more similar to those of
bacteria than to those of algae, fungi and yeasts (Block 1956, Sowden, Chen and
Schnitzer 1977). In addition, in salt-marsh soils, high concentrations of proline are likely

the result of fine root and microbial cell lysis, as proline is used as an osmoregulatory
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solute in Puccinellia species (Stewart and Lee 1974) and in microorganisms (Flowers et
al. 1977). Lysine, which was present at high concentrations in both marshes at warmer
temperatures does not normally occur at high concentrations in plant tissue, suggesting
that its origin also may be a product of microbial decomposition.

The free amino acid profiles of both supratidal and intertidal sites during the
growing season showed marked differences from those reported for other Arctic and
alpine sites (Chapin et al. 1993, Kielland 1995, Raab et al. 1996, 1999). Although
different Arctic communities have been shown to exhibit unique amino acid profiles
(Kielland 1995), typically, the dominant amino acids reported in Arctic sites have been
glycine, serine and glutamic acid, with asparagine, arginine, aspartic acid, alanine and
cysteine present at high concentrations at some sites. While glutamic acid concentrations
were moderately high in both supratidal and intertidal soils and glycine and serine
reached occasional high concentrations in supratidal sites, salt-marsh soils were
dominated primarily by alanine, proline, lysine and leucine (Fig. 2.4). Alanine and
gamma amino-butyric acid may be microbial decarboxylation products of aspartic and
glutamic acids respectively, and the high levels of glycine and serine may have originated

from mats of diatoms present on these salt-marsh soils (Lee 1988).

2.5.3 Continuous flow experiment

The comparable biomass at final harvest of tillers grown on equivalent
concentrations of ammonium ions and glycine indicates the ability of P. phryganodes to
utilize this amino acid as the sole source of nitrogen (Fig. 2.6a). From this result, we can

estimate that amino acid uptake by Puccinellia may be as high as 57% that of ammonium
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in the intertidal zone (see Results section). Results from short-term uptake experiments
using doubly-labelled *C"*N-glycine strongly suggest that much of the glycine is taken
up intact by roots of Puccinellia and that the presence of ammonium and nitrate ions does
not inhibit glycine uptake (Chapter 3). Glycine has a low molecular weight and rates of
uptake of amino acids appear to be inversely proportional to their molecular weights
(Kielland 1994), hence plants may not grow as well on other amino acids, or on mixtures
of amino acids. Nevertheless, in these salt-marsh soils, the other amino acids present at
high concentrations include alanine and proline which also have a low molecular weight
and consequently may be readily taken up by Puccinellia. In addition, given the range of
specific neutral, basic and acidic amino acid transporters expressed in roots (Fischer et al.
1998), growth on a mixture of amino acids may be beneficial to plants because
competition between individual amino acids for transporter sites is minimized.

Results from the continuous flow experiment indicate that at typical soil
concentrations of 100 uM nitrogen, observed transpiration rates are insufficient to
replenish nitrogen at the root surface via mass flow alone assuming steady state
conditions (Table 2.1). Diffusion must contribute to nitrogen movement to the root
surface, especially at low external concentrations of soluble nitrogen. Because depletion
zones occur in the vicinity of roots, as a result of uptake and microbial demand for
nitrogen in the rhizosphere (Nye and Tinker 1977, Jones 1999), bulk soil solution
concentrations are generally inaccurate as estimates of ionic concentrations at the root
surface (Nye 1969, Tinker 1969). Hence, calculations of the mass-flow contribution
based on the bulk soil concentration that help maintain the concentration of nitrogen at

the root surface tend to overestimate this contribution.
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Under field conditions depletion of N at the root surface is likely to be
exacerbated compared with that in water culture, because of enhanced root competition
and restricted water flow in soils. Concentrations of NH;*-N in the soil solution fall
coincident with the increase in biomass of this forage grass and the onset of intensive
goose grazing (Fig 2.2; Cargill and Jefferies 1984b; Jefferies 1988a,b; Wilson and
Jefferies 1996). Puccinellia has no well developed storage organs: it produces a new set
of roots each year, and the small number of leaves that survive the winter are replaced
shortly after spring melt, hence the internal N pool is limited and is mainly confined to
the shoot (Bazely and Jefferies 1989a,b; Srivastava and Jefferies 1995). Regrowth of
shoots following defoliation by geese creates a N demand at a time when exchangeable
and soluble inorganic N in soils is low (Fig. 2.2, Wilson and Jefferies 1996).
Experimental studies indicate that not only are faecal droppings necessary for regrowth of
vegetation following grazing, but also that multiple grazings (with attendant droppings)
are more likely to meet N demands for continuous growth of the grazed grass crop (Hik
and Jefferies 1990; Hik ez al. 1991; see also Prins, Ydenberg and Drent 1980). The
feedback results in increased net above-ground primary production compared with that of
ungrazed or infrequently grazed swards. Soluble nitrogen sources injected into swards are
incorporated into plant tissue within 48 hours, based on tracer studies with '°N (Kotanen
2002). The similarity between the amino acid profiles in faeces and soils (Fig. 2.5)
indicates that the ubiquitous presence of fresh droppings throughout the season and the
rapid loss of soluble nitrogen from faeces likely accounts for the similarity.

These results, together with those published elsewhere, indicate that soluble

organic nitrogen appears to play a significant role in the nitrogen economy of this forage



grass at a time when grazing is intense and inorganic N supplies, as exchangeable and
soluble ammonium ions, are low (Wilson and Jefferies 1996). Facilitation by the

consumer ensures regrowth at a critical time in the phenology of grazed swards.
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Chapter 3: Interactions in the uptake of amino acids, ammonium and
nitrate ions in the Arctic salt-marsh grass, Puccinellia

phryganodes

3.1 Abstract

The uptake of amino acids and inorganic nitrogen by roots of Puccinellia
phryganodes was examined to assess the potential contribution of soluble organic
nitrogen to nitrogen uptake. Short-term excised root uptake experiments were performed
using tillers grown hydroponically under controlled conditions in the field. Percent
reductions in ammonium uptake at moderate salinity (150 mM NaCl) compared with
uptake at low salinity (50 mM NaCl) were double those of glycine, but glycine uptake
was more adversely affected than ammonium uptake by low temperatures. Glycine
uptake was higher at pH 5.7 than at pH 7.0 or 8.2. Glycine uptake was up-regulated
moderately in plants grown on glycine, whereas ammonium uptake was up-regulated in
response to ammonium starvation. Nitrate uptake was strongly down-regulated when
tillers were grown on ammonium or glycine. In contrast to N-starved roots, which
absorbed ammonium ions more rapidly than glycine, roots grown on glycine, ammonium
and nitrate, and not N-starved prior to uptake, absorbed glycine as rapidly as ammonium
and nitrate ions combined. Overall, the results indicate that amino acids are likely an

important source of nitrogen for P. phryganodes in Arctic coastal marshes.
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3.2 Introduction

The availability of nitrogen in forms accessible to plants is one of the primary
factors that limits productivity in terrestrial ecosystems (White 1993). If plants can only
utilize inorganic nitrogen uptake, as is often assumed in ecosystem-level nitrogen cycling
models, then primary production is likely to be strongly affected by the rate of organic
nitrogen mineralization (Giblin ez al. 1991, Chapin 1995). However, recent evidence
suggests that soil organic nitrogen, in the form of free amino acids, can be taken up
rapidly by the roots of a wide variety of mycorrhizal and non-mycorrhizal plants, ranging
from Arctic and alpine grasses, sedges and shrubs (Chapin, Moilanen and Kielland 1993,
Kielland 1994, Raab, Lipson and Monson 1996, 1999), to boreal grasses, trees and shrubs
(Nésholm ez al. 1998), temperate crop plants (Shobert and Komor 1987, Jones and
Darrah 1994, Nédsholm, Huss-Danell and Hogberg 2001) and tropical trees and shrubs
(Turnbull e al. 1996). Direct uptake of amino acids by plant roots may uncouple
primary production from nitrogen mineralization rates in ecosystems where free amino
acids are readily available relative to soluble inorganic nitrogen (Chapin 1995). Hence, it
calls into question the validity of nitrogen cycling models for these systems (Chapin
1995).

While free amino acid concentrations are often orders of magnitude lower than
inorganic nitrogen concéntrations in temperate soils, they account for a relatively large
proportion of total available nitrogen for plant growth in Arctic systems, where low
temperatures, low precipitation and a short growing season result in slow mineralization
rates and a build-up of soluble organic nitrogen (Nadelhoffer et al. 1992, Kielland 1995,

Atkin 1996). In Arctic coastal marshes, inorganic nitrogen availability is further limited
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by high salinity, due to the inhibitory effects of chloride ions on nitrification (McClung
and Frankenberger 1985, Wilson et al. 1999). High salinity also has a strong inhibitory
effect on inorganic nitrogen uptake, particularly the uptake of nitrate (Cram 1973, Deane-
Drummond and Glass 1982, Xu et al. 2000), although ammonium uptake is inhibited as
well (Bradley and Morris 1990, Chambers, Mozdzer and Ambrose 1998). Rates of N
uptake also diminish at low temperatures, although ammonium absorption is less
sensitive to sub-optimal growth temperatures than nitrate absorption in some species
(Clarkson, Hopper and Jones 1986, Clarkson, Jones and Purves 1992). Amino acids may
be an important supplementary source of nitrogen in Arctic coastal marshes, provided
that inhibitory effects of sodium chloride and low temperatures on amino acid uptake are
not severe.

Soluble nitrogen concentrations in Arctic coastal marsh soils are highly variable,
both in space and time (Chapter 2). This variability in nitrogen supply may have
important implications for the relative rates of amino acid uptake in these systems, since
the concentration of nitrogen substrates in soil solutions strongly influences their
individual rates of uptake by roots. Root transport systems of inorganic nitrogen are
regulated to respond rapidly to fluctuations in inorganic nitrogen sources (Glass et al.
1999). For example, high affinity ammonium transport is up-regulated in response to N-
starvation and down-regulated in the presence of ammonium ions (Lee and Rudge 1986,
Kronzucker, Siddiqi and Glass 1996). There is also a need for plants to integrate signals
from several potential nitrogen pools in order to regulate total nitrogen uptake (Glass et
al. 1999). This can lead to the favouring of one form of nitrogen over another, as in

ammonium-dominated systems, where the presence of ammonium ions inhibits nitrate
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transport in some species (Kronzucker, Siddigi and Glass 1997, Kronzucker, Glass and
Siddiqi 1999). Despite widespread evidence for the direct uptake of amino acids by
roots, the role of external nitrogen sources in the regulation of amino acid transport
systems is unknown, yet essential for estimating relative rates of amino acid uptake
where different N sources are available.

The majority of ecological studies of amino acid uptake by plants are based on
glycine uptake, as glycine is typically present at relatively high concentrations in the soil
solution and can be taken up rapidly due, in part, to its low molecular weight relative to
other amino acids (Kielland 1994, Lipson et al. 1999). However, in Arctic coastal marsh
soils, alanine, proline and glutamic acid concentrations are higher than those of glycine
and several other amino acids are present at concentrations equal to those of glycine
(Chapter 2). Although a range of specific and general amino acid transporters are
expressed in plant roots (Fischer et al. 1998), it is not known to what extent multiple
transporters may alleviate competition between amino acids for transport sites, and how
rapidly mixtures of amino acids are taken up relative to glycine alone.

In the present study, factors affecting the relative rates of amino acid and
inorganic nitrogen uptake in the Arctic salt-marsh grass, Puccinellia phryganodes, were
examined. Excised roots of tillers grown hydroponically under controlled conditions in
the field were used to compare the uptake kinetics of ’N-labelled amino acids,
ammonium and nitrate ions and to quantify the effects of salinity, low temperatures,
variation in pH and competition between nitrogen sources on uptake rates. Excised root
experiments were also conducted to examine the regulation of amino acid and inorganic

nitrogen uptake when tillers were grown on different nitrogen substrates. The combined
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goal of these experiments was to assess the capability of the salt-marsh grass to utilize
amino acids as a supplementary source of nitrogen under conditions similar to those in

coastal soils.

3.3 Methods

3.3.1 Study species and site description

Puccinellia phryganodes (Trin.) Scribn. and Merr. is a stoloniferous, halophytic
graminoid that dominates intertidal salt-marshes along the Hudson Bay coast and is
common in salt marshes in circumpolar regions (Hultén 1968). Net above-ground
productivity of intact swards in coastal marshes of the Hudson Bay lowland is estimated
to range between 100 and 150 g m™ year™ (Cargill and Jefferies 1984b, Hik and Jefferies
1990). Increases in primary productivity following addition of inorganic nitrogen to
swards indicate that the availability of this element limits plant growth (Cargill and
Jefferies 1984a). Soils in the intertidal zone have a greyish mineral horizon of marine
sediment in which the upper 2.5 cm contains some organic material. Over the growing
season from late May to late July, mean amino acid concentrations in soil solutions in the
intertidal zone range from 32-45 uM, and ammonium and nitrate concentrations range
from 55-160 and 10-31 uM respectively; however, soluble N concentrations obtained
from individual soil samples can be as much as an order of magnitude higher (Chapter 2).
Amino acids present at high concentrations are alanine, proline, glutamic acid, leucine,
tyrosine, gamma amino-butyric acid and glycine. Soil pH averages 7.12 +/- 0.04
(standard error, n=24), and the salinity of extracted soil solutions can rise to as high as

1.5 M in late summer in intertidal sites devoid or nearly devoid of vegetation, although
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NaCl concentrations typically range from 50-250 mM under high biomass swards of

vegetation (Wilson and Jefferies 1996, Srivastava and Jefferies 1995)

3.3.2 Excised root experiments

Tillers of Puccinellia phryganodes were collected from a salt-marsh sward at La
Pérouse Bay, Wapusk National Park, 25 km east of Churchill, Manitoba (58.43 °N, 94.28
°W). All tillers were collected from the same 1 m X 1 m patch in order to minimize
genetic variability. Each shoot was approximately 2.5 cm high and root length was 3-5
cm. Each growing season, new roots replace those produced during the previous growing
season. Tillers were stripped of old root material and placed in an aerated solution
containing one-tenth strength Hoagland's macronutrients (ammonium nitrate as the N
source) (Hoagland and Arnon 1950), 0.2 mM Fe-EDTA and 50 mM NaCl at a density of
12 tillers per 4 litre container. Nutrients were dissolved in calcium/magnesium-rich river
water due to the limited availability of deionized water in the field. The river water was
fast-flowing and well-aerated and contained no detectable ammonium or nitrate (water
was sampled weekly; the lower detection limit of N was 0.7 uM). Containers (black high-
density polyethylene) were placed in a herbivore exclosure in a supratidal marsh at La
Pérouse Bay and sunk into the soil to maintain water temperature within 1° C of soil
temperature at rooting depth. Tillers were grown hydroponically for 5-6 weeks and
solutions were replaced every four days. Based on the rate of N accumulation in plant
tissue, the draw-down of N from growth solutions was < 5% over four days. The pH of

growth solutions remained over this period at approximately 7.5. Forty-eight hours prior
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to the start of uptake experiments, tillers were starved of nitrogen by immersing roots in
0.5 mM CacCl; and 50 mM NacCl dissolved in river water.

The availability of root material for experiments was limited given the slow
growth rate of our study species (the dry weight of roots of each tiller obtained from the
field was less than 2 mg). Root excision allowed us to pool roots of a large number of
tillers and to apportion precise quantities of root to each replicate. Roots were excised,
blotted and weighed into samples of 180 mg. Based on a modified method of Epstein,
Schmid and Rains (1963), samples were placed in cheesecloth "teabags", kept in an
aerated holding solution of 0.5mM CaCl, and 50mM NaCl and allowed to equilibrate at
the temperature of the experimental solution for 20 minutes (deionized water was used
throughout all steps of the uptake experiments). After equilibration, roots were placed
for 20 minutes in 200 ml of a well-aerated solution identical to the holding solution but
containing a ’N-labelled substrate (Sigma-Aldrich, specific activity of 99%). Pilot trials
using ammonium and glycine indicated that the relationship between total uptake and
time was linear for at least the first 50 minutes of uptake after excision. The pH of
incubation solutions was 7.0. Following absorption, roots were rinsed for five minutes in
a solution of 5 mM KCI to remove label left in the Donnan free space, then dried at 60
°C. Dried root material was ground to a fine powder and analysed for its N content and
'SN/™N ratio relative to unenriched control samples using an Isochrom continuous flow
stable isotope mass spectrometer (Micromass) coupled to a Carla Erba elemental analyzer
(CHNS-O EA1108). Isotopic analyses were performed by the University of Waterloo
Environmental Isotope Laboratory. Data of the *C/'2C ratio and C content of tissues (see

below) were also obtained.
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In order to characterize uptake kinetics, uptake of ’N-labelled glycine, aspartic
acid, glutamic acid, leucine, 15NH4C1 and K'5N03 was measured for two replicates at
concentrations of 0, 10, 12, 15, 20, 30, 55 and 500 pM at 18 °C. This range of
concentrations was selected to give a uniform coverage of points on a reciprocal axis.
Uptake of a mixture of equal concentrations of '’N-labelled common salt-marsh amino
acids (glycine, aspartic acid, glutamic acid, leucine, proline and alanine) was also
measured, and uptake of BCN-labelled glycine was examined to determine whether the
amino acid was taken up intact into roots. For both the amino acid mixture and *C*’N-
labelled glycine, total amino acid concentration ranged from 0-500 pM (as above).

"*N-glycine and *NH,CI uptake rates at a higher salinity (150 mM NaCl) were
compared with those at the same range of external >N concentrations used for uptake
trials at 50 mM NaCl (n=2). "*N-glycine and '"NH,CI uptake rates at external >N
concentrations of 10 and 100 pM (n=3) were also measured at 2, 5 and 18 °C (n=3) and at
a pH of 5.7, 7.0 and 8.2, where the external >N concentration was 100 UM (n=3).
NaH,PO,4¢H,0 and HCI were titrated to obtain pH 5.7, Na,HPO,+2H,0 and NaOH were
titrated to obtain pH 8.2 and both NaH;PO,eH,0 and Na,HPO4+2H,O were titrated to
obtain pH 7.0. All pH treatments received equal concentrations of sodium phosphate and
roots were pH acclimated for two weeks prior to excision (additions of Na and CI from
NaOH and HCl were less than 2% of their concentrations in the background solutions).
Substrate competition trials were conducted by measuring uptake of ’N-labelled
substrates in the presence of 100 uM of unlabelled NH4Cl, NaNOs, glycine, aspartic acid,
glutamic acid or a mixture of amino acids (glycine, glutamic acid, aspartic acid, leucine,

alanine, proline and lysine mixed equally to give a total final concentration of 100 pM).



57

A total concentration of 100 uM was selected for competing substrates as it approximates
to concentrations typically present in soil solutions under field conditions. The uptake of
'*N-labelled substrates was measured for two replicates at concentrations ranging from O-
500 pM (see above).

Methods used for substrate regulation trials departed slightly from methods used
for other uptake trials. Tillers were grown on 50 mM NaCl and one-tenth strength
nitrogen-free Hoagland’s solution to which was added one of the four following nitrogen
substrates: glycine, NH4Cl, NaNO; or an equal rﬁixture of all three substrates. Tillers
were assigned at random to the different treatments. The total N concentration of each
growth solution was 1.6 mM, equal to that of one-tenth strength Hoagland’s solution and
solutions were changed every two days. After six weeks of growth, tillers grown on a
given nitrogen source were randomly re-assigned to growth on either glycine, or NH,Cl
or NaNO; (all 1.6 mM N). Uptake of the newly introduced nitrogen source was measured
at a concentration of 100 uM "N for roots excised after 0, 1, 3 and 7 days (n=3). On day
0, tillers grown on an equal mixture of glycine, NH,Cl, and NaNO; were used as a
control. On days 1, 3 and 7, excised roots from tillers grown on the same N substrate as
the given BN substrate, but in the absence of other N substrates, were used as controls.

Roots were not starved prior to excision for substrate regulation trials.

3.3.3 Data analyses
For excised root experiments, maximum uptake rate (V) and the half saturation
constant (K,) were estimated by fitting ordinary least squares regression lines to double

reciprocal plots of uptake rate versus concentration. Regression lines were back-
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transformed to a linear scale for curve fitting. Although double reciprocal plots may
augment errors (Eisenthal and Cornish-Bowden 1974), they produced similar k, and V4
values as direct linear plot methods and ensured a tight fit at low substrate concentrations
(which are within the range of typical concentrations in the soil solution). For salinity
trials (Table 3.1) and substrate competition between glycine, NH,CIl and NaNO; (Table
3.4), predicted uptake rates at a concentration of 100uM °N, a typical N concentration
present in salt-marsh soils, were interpolated from regression lines for the purpose of
comparison. In the amino acid competition trials ('fable 3.5), the difference between
uptake of an amino acid at an external concentration of 100 uM "N in the absence and
presence of 100 uM N mixed cocktail of amino acids was expressed as a percentage of
the difference between uptake of the amino acid alone at 100 uM >N and one half of its
uptake at 200 pM '>N. This value, termed ‘percent competition’ in the context of this
study, expresses uptake of an amino acid in terms of the outcome of competition from

other amino acids at comparable concentrations of total soluble N.

3.4 Results

3.4.1 Uptake of *N by excised roots

Uptake kinetics of ammonium, nitrate and amino acids by roots N-starved for 48
h approached saturation at low external concentrations (10-55 uM) (Fig. 3.1a). With the
exception of ammonium uptake, where the standard error was relatively large, curves
obtained from double reciprocal plots underestimated uptake at S00 puM. The most rapid
rates of amino acid uptake were exhibited by glycine, which was taken up from 20 to
50% faster than leucine, glutamic acid and aspartic acid at concentrations between 10 and

55 uM, the range of concentrations typically encountered in salt-marsh soils (Fig. 3.1b).
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Fig. 3.1. Plots of uptake rate versus substrate concentration for excised roots of
P. phryganodes provided with >N and '*C-labelled substrates in short-term uptake
experiments (all tillers grown on NH,NO3). Curves were obtained by back-transforming
OLS linear fits to double reciprocal plots of uptake rate versus concentration. For each
substrate, the following estimates of K, (uM) and Ve, (mol g'l h'') were obtained
respectively: °N-glycine (37.1, 13.5), "N-ammonium (57.6, 66.5), "N-nitrate (1.4, 6.2),
PC-glycine (56.6, 7.5), "*N-glutamic acid (66.2, 13.2), *N-aspartic acid (42.2, 8.7), "*N-
leucine (21.7, 8.9), mixture of '*N-alanine, aspartic acid, glutamic acid, glycine, leucine
and proline (13.8, 9.9). Error bars denote standard error
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A mixture of *N-labelled alanine, aspartic acid, leucine, glutamic acid, glycine and
proline was taken up at a rate comparable to that of glycine alone over the same range of
concentrations (Fig. 3.1b). The uptake of '>C from *C'*N-labelled glycine indicated that
this amino acid was taken up intact; however, rates of >C uptake were only one third to
one half those of '°N uptake (Fig. 3.1a). Ammonium ions were taken up three to four
times as fast as glycine over the range of concentrations tested, whereas uptake rates of
nitrate were low, and the process saturated at very low concentrations relative to the
uptake of amino acids (Fig. 3.1a). Based on rates of '°N uptake, draw-down of N in
incubation solutions was < 5% (with the exception of low concentration ammonium

solutions, which were drawn down by as much as 15% by N-starved roots).

3.4.2 Effects of salinity, temperature, pH and competition between N sources

on uptake rates

At an external N concentration of 100 uM, the rate of glycine uptake was 20%
lower at moderate salinity (150 mM) than at low salinity (50 mM NaCl), whereas the rate
of ammonium uptake was 35% lower (+/- 7%, 95% C.1.) at moderate salinity than at low
salinity (Table 3.1). In contrast, the difference between uptake at 2 or 5 °C relative to
uptake at 18 °C was greater for glycine than for ammonium (Table 3.2). Ammonium
uptake rates increased with increasing alkalinity of the external solution, whereas glycine
uptake rates increased with increasing acidity (Table 3.3). In competition trials between
glycine, ammonium and nitrate, the presence of 100 pM nitrate had no detectable effect
on rates of glycine uptake, and glycine uptake at an external >N concentration of 100 pM

was reduced by 12% (+/- 10%, 95% C.1.) in the presence of 100 uM ammonium
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Table 3.1. Uptake kinetics of '®N-glycine and '°N-ammonium by excised roots of Puccinellia

phryganodes at low and moderate salinity (50 mM and 150 mM NaCl, respectively). Affinity (Kp),
maximum uptake rate (V,,a)) and the correlation coefficient (r2) were estimated by plotting uptake
rate against labelled substrate concentration in a double reciprocal (Lineweaver-Burk) plot.

Uptake rate at 100 uM *N was interpolated from regression for the purposes of comparison.

substrate [NaCl] Kmn Vimax r uptake rate at 100 pM "°N
@mol L") (umol g dw h™) (umol g dw h™)
'SN-glycine 50 63.0 22.3 0.98 13.7
'*N-glycine 150 56.5 17.1 0.98 10.9
*N-ammonium 50 36.1 75.2 0.99 55.3
'®*N-ammonium 150 29.1 46.3 1.00 35.9

Table 3.2. Uptake rates of 10 uM and 100 uM 15N-glycine and **N-ammonium ions by excised roots of
Puccinellia phryganodes at 2, 5 and 18 °C (umol g dw h'™'). Means and standard errors were

calculated for each treatment (n=3).

'SN-glycine 'SN-ammonium
10 uM 100 uM 10 uM 100 uM
temperature (*C) mean (s.e.) mean (s.e.) mean (s.e.) mean (s.e.)
2 1.00 (0.09) 2.83 (0.03) 13.78 (1.55) 40.08 (4.52)
5 1.63 (0.08) 5.50 (0.24) 21.04 (0.79) 59.56 (3.14)
18 3.54 (0.13) 8.93 (0.66) 27.26 (2.18) 69.75 (8.30)
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Table 3.3. Uptake rates of 100 uM "°N-glycine, '°N-ammonium and "°N-nitrate by excised roots of

Puccinellia phryganodes at a pH 5.7, 7.0 and 8.2 (umol g”' dw h™'). Means and standard errors

were estimated for each treatment (n=3).

*N-glycine *N-ammonium SN-nitrate

pH mean (s.e.) mean (s.e.) mean (s.e.)
5.7 18.3 (0.3) 61.8 (6.5) 9.9 (2.5)
7 13.2 (0.8) 63.8 (11.2) 10.2 (1.7)
8.2 10.4 (0.7) 76.1 (9.4) 8.6 (1.1)

Table 3.4. Uptake kinetics of '°N-glycine and '*N-ammonium ions by excised roots of Puccinefiia

phryganodes in the presence and absence of unlabelled competing nitrogen sources. Al tillers were

grown on NH;NO3. Km, Vimax I° and uptake rate at 100 uM were estimated as in Table 1.

substrate competing substrate K Vimax @ uptake rate at 100 uM "°N
(100 pM) (umol L") (umol g™ dw ™) (umol g™ dw h™)
“’N-glycine - 46.0 15.2 0.97 10.4
SN-glycine ammonium 60.9 14.8 0.91 9.2
*N-glycine nitrate 38.5 14.3 0.96 10.3
'*N-ammonium - 63.1 70.4 0.91 43.2
'SN-ammonium glycine 26.6 44.8 0.75 35.4

Y*N-ammonium nitrate 20.9 50.8 0.75 42.0
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Table 3.5. Uptake kinetics of '°N-glycine, "*N-glutamic acid and '*N-aspartic acid by excised roots of

Puccinellia phryganodes in the presence and absence of a mixture of 100 uM unlabelled amino acids (a.a.)

(equal concentrations of alanine, aspartic acid, glutamic acid, glycine, leucine, lysine and proline).

Km» Vmaxand r* were estimated as in Table 1. Percent competition at 100 mM '*N was calculated by

expressing the difference between uptake of the amino acid in the absence and presence of 100 uM mixed

amino acids as a percentage of the difference between uptake at 100 uM and one half of uptake at 200 uM

in the absence of competing amino acids.

substrate competing ion K, Vinax P percent competition at 100 uM "*N
(100 uM) (umol L) (umol g dwh™)
®*N-glycine - 23.7 15.3 0.91 n.a.
'*N-glycine a.a. mixture 50.2 12.9 0.93 69.0
>N-glutamic acid - 14.2 8.1 0.68 n.a.
*N-glutamic acid a.a. mixture 33.8 7.1 0.90 54.0
*N-aspartic acid - 22.1 7.5 0.67 n.a.
*N-aspartic acid a.a. mixture 29.1 4.2 0.70 105.0

(Table 3.4). Likewise, the interference of nitrate with rates of ammonium uptake was

minimal, but decreases in ammonium uptake of 18% (+/- 15%, 95% C.1.) occurred in the

presence of glycine (Table 3.4). Estimates of percent competition between a mixture of

unlabelled, common salt-marsh amino acids (total concentration of 100 uM) and

individual amino acids, ' N-glycine, 15N-glutamic acid and 15N—aspartic acid, each at an

external >N concentration of 100 UM, were 69, 54 and 105% respectively (Table 3.5).
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3.4.3 Regulation of nitrogen uptake by substrates
Uptake of glycine by tillers grown on an equal mixture of glycine, NH,C] and NaNO,
exceeded that of tillers grown solely on ammonium or nitrate at day O (Fig. 3.2a). For
tillers grown on ammonium and nitrate, rates of glycine uptake increased from day O to
day 3, but subsequently decreased to intermediate values from day 3 to day 7.
Differences in glycine uptake between control (glycine-grown) tillers at days, 1,3 and 7
were not significant (one-way ANOVA, df=2, 6, F=2.26, P=0.19). Tillers grown in the
absence of ammonium, particularly those grown solely on nitrate, took up ammonium
rapidly on day O relative to plants grown on a mixture of all three substrates (Fig. 3.2b).
Rates of ammonium uptake by nitrate- and glycine-grown tillers rapidly decreased by day
1. Differences in ammonium uptake between control (ammonium-grown) tillers at days
1, 3 and 7 were not significant (one-way ANOVA, df=2, 6, F=2.91, P=0. 13). For nitrate,
uptake rates at day O were very low for tillers grown solely on ammonium or glycine or
on a mixture of all three substrates (Fig. 3.2c). On day 1, uptake of nitrate by glycine-
and ammonium-grown tillers remained low relative to uptake of nitrate by tillers grown
solely on nitrate. Nitrate uptake increased for glycine- and ammonium-grown tillers
between day 3 and day 7. Differences in nitrate uptake between control (nitrate-grown)
tillers at days 1, 3 and 7 were not significant (one-way ANOVA, df=2, 6, F=0.90,

P=045).
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Fig. 3.2. Plots of a) ’N-glycine uptake, b) ’N-ammonium uptake and c) °N-nitrate
uptake by excised roots of Puccinellia phryganodes at an external >N concentration of
100 uM (note that Y-axis scales differ among plots). Treatments (see symbol key in
figure) refer to the nitrogen source tillers were grown on until day 0. The mixed
treatment refers to tillers grown on equal concentrations of glycine, ammonium and
nitrate at the same total nitrogen concentration as other nitrogen treatments. Thereafter,
tillers were grown on the same nitrogen source as used in °N uptake trials. In each
panel, control tillers (i.e. initial N source was the same as the '’N source) are denoted by
bold lines interconnecting points. Points indicate mean and standard error (n=3).
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3.5 Discussion

Rates of amino acid uptake by excised roots of P. phryganodes were within the
range of those reported in the literature for Arctic and alpine plants (Chapin et al. 1993,
Kielland 1994, Raab et al. 1996, 1999). Uptake kinetics of amino acids were
characterized by a high-affinity component that saturated at low external amino acid
concentrations (Fig 3.1. a, b). Based on the tendency for fitted curves to underestimate
uptake of the different nitrogen sources at 500 uM, it is probable that a non-saturable,
low-affinity component contributes to uptake at higher concentrations, as first described
by Epstein, Rains and Elzam (1963) for K* transport. This combination of low- and
high-affinity transport systems is analogous to root transport systems typically present for
ammonium and nitrate (Glass et al. 1999) and is supported by the cloning of both low-
and high-affinity root amino acid transporters in Arabidopsis (see Fischer et al. 1998).
Although root excision may reduce rates of N uptake relative to intact plants, such
reductions are not commonly observed within 1-2 h following excision (Bloom and
Caldwell 1988, Huang et al. 1992). For Puccinellia, uptake remained linear up to at least
50 minutes following excision, which indicates that excision-induced reductions in
uptake did not occur over the time course of the incubations. Roots may also exhibit a
pulse in N efflux following excision; however, this effect is transient and net uptake
recovers within several minutes (Aslam et al. 1996).

Across the range of concentrations tested, the rate of glycine uptake by N-starved
roots was approximately one-third that of ammonium ions and nitrate uptake was
minimal (Fig. 3.1a). This result contrasts that obtained for non-starved roots grown on an

equal mixtures of all three N substrates, where glycine uptake equalled the combined
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uptake of ammonium and nitrate (Fig. 3.2 - see below). The uptake of '*C when roots
were provided with l3C15N-glycine indicated that at least a portion of each amino acid
was likely taken up intact and not mineralized at the root surface. *C uptake was only up
to 50% as high as "°N uptake, which indicates that some amino acids may have been
deaminated prior to uptake of the N moiety. Although the uptake media were sterile,
traces of bacterial contamination may have been present on the surface of roots (P.
phryganodes is a sterile tripliod and must be cultured from tillers as opposed to seed). In
many algae and fungi, extracellular deamination of amino acids can occur at the cell
surface, followed by uptake of ammonium ions (Paul & Cooksey 1979, 1981, DeBusk et
al. 1981, Munoz-Blanco, Hidalgo-Martinez & Cardenas 1990). Although extracellular
deaminases have not been localized on the surface of root cell membranes,
hypothetically, their presence could explain the low *C incorporation of *C!*N-amino
acids from hydroponic media. '>C may be underestimated in '*C'>N-amino acid uptake
experiments because of the high background quantity of '>C in root tissue relative to N
and the large error associated with this dilution of the *C signal (N4sholm and Persson
2001, Nordin, Hégberg and Nasholm 2001). Losses of >C may also occur as a result of
root respiration (Schimel and Chapin 1996), but substantial respiratory losses of *C
would have been unlikely in the present study given the short incubation time.

Despite the capability of roots to take up a wide range of amino acids, it has been
suggested that glycine is the only amino acid taken up rapidly relative to inorganic
nitrogen due to its neutral charge and low molecular weight (Kielland 1994, Lipson et al.
1999). If correct, this would limit the contribution of amino acids to plant nitrogen

nutrition in salt-marsh systems, where total amino acid concentrations are comparable to
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ammonium concentrations but comprised of only 3-4% glycine N, on average (Chapter
2). In the present study, the uptake rate of a mixture of ’N-amino acids was comparable
to that of glycine alone between 10-55 uM and uptake rates of leucine, glutamic acid and
aspartic acid (each tested separately) were at least half of those of glycine over the same
range of concentrations (Fig. 3.1a, b). Therefore, other amino acids besides glycine
likely contribute substantially to total amino acid uptake, particularly when their
combined concentration greatly exceeds that of glycine. In substrate competition trials,
the uptake of individual "*N-amino acids did decrease somewhat in the presence of a
mixture of unlabelled amino acids at typical field concentrations, suggesting that the
uptake rates of individual amino acids tested in isolation are not simply additive (Table
3.5). However, when the total amino acid concentration was held constant, the effect of
competition from other amino acids on the uptake of an amino acid was less severe, on
average, than the relative decline in the rate of uptake associated with its saturation
kinetics at higher concentrations (200 pm). These results provide indirect evidence for
the expression of multiple root amino acid transporters with some degree of specificity,
as described in Fischer et al. (1998).

Uptake trials at moderate salinity (150 mM NaCl) revealed that percent reductions
in ammonium uptake rates relative to uptake at low salinity (50 mM NaCl) were double
those of glycine (Table 3.1). In contrast, reductions in uptake rates at low temperatures
were higher for glycine than for ammonium ions (Table 3.2). These results suggest that
the relative contribution of amino acid uptake to total nitrogen uptake may increase as the
growing season progresses due to the presence of higher salinities and warmer

temperatures. These rapid rates of uptake would be enhanced by the relatively high
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concentrations of amino acids present in the soil solution at this time (Chapter 2).
Biomass production and nitrogen acquisition are also highest from mid- to late growing
season due to warm temperatures, further increasing the demand for amino acids as a
nitrogen source in P. phryganodes.

The rapid uptake of glycine by roots of P. phryganodes at pH 5.7 is consistent
with the pH optima for the uptake of amino acids by barley roots, which range, for the
most part, from pH 4 to pH 6 (Soldal and Nissen 1978). In contrast to glycine,
ammonium uptake was relatively low at pH 5.7 relative to uptake at neutral or alkaline
pH. This trend has also been shown for Lolium perenne, where the uptake rate of glycine
relative to that of ammonium was greater at pH 6 than at pH 9 (Thornton 2001). The pH
of salt marsh soil solution is neutral and temporal and spatial variability in pH are low
(Wilson and Jefferies 1996). However, plants that take up nitrogen primarily as
ammonium (as opposed to nitrate) tend to lower the pH of the rhizosphere, such that it is
more acidic than the pH of the bulk soil solution (Nye 1981). Therefore, it is
conceivable that root acidification may favour glycine uptake over ammonium uptake in
P. phryganodes.

The presence of 100 uM ammonium in excised root solutions over a 20 minute
time course decreased glycine uptake by only 12%, and ammonium uptake was reduced
by a comparably low amount in the presence of glycine (Table 3.4). Therefore, it does
not appear that competition between inorganic and organic nitrogen sources would
substantially alter their relative rates of uptake. However, results from the substrate
regulation trials revealed that uptake of nitrogen by roots of P. phryganodes is highly

sensitive to the presence of amino acids, ammonium and nitrate in the external growth
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solution over the time scale of one to three days. Uptake of glycine by roots grown on a
mixture of glycine, ammonium and nitrate exceeded uptake of glycine by roots grown
solely on ammonium or nitrate previously (Fig. 3.2a), which provides evidence that
glycine uptake is up-regulated (moderately) when plants are grown on glycine. This
evidence was further supported by the increase in glycine uptake by plants initially grown
on ammonium or nitrate after three days of exposure to glycine. Rates of glycine uptake
by ammonium and nitrate grown plants at day zero were comparable to those rates of
glycine uptake exhibited by ammonium or nitrate grown tillers starved 48 hours prior to
root excision (Fig. 3.1a). Hence, it does not appear that glycine uptake is up-regulated by
nitrogen starvation.

In contrast to glycine uptake, ammonium uptake was highly up-regulated in the
absence of ammonium, particularly for roots grown solely on nitrate, and subsequently
down-regulated after one day of exposure to ammonium (Fig. 3.2b). Rapid up-regulation
of ammonium in response to nitrogen starvation and down-regulation in response to the
presence of ammonium or amino acids in the external solution has been demonstrated in
many species (Lee and Rudge 1986, Morgan and Jackson 1988, Kronzucker et al. 1996,
Glass et al. 1999). This property of ammonium regulation has important implications for
the estimation of relative rates of amino acid and ammonium uptake under field
conditions. Uptake data derived from ammonium nitrate-grown roots starved for 48
hours prior to excision indicate that ammonium uptake is from three to four times greater
than glycin¢ uptake for any given concentration (Fig. 3.1a). Nevertheless, these data are
an overestimation of ammonium uptake, which is rapidly up-regulated in response to

nitrogen starvation and (they may also underestimate glycine uptake, which appears to be
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down-regulated in the absence of glycine). In contrast, when tillers were supplied with
all three nitrogen sources simultaneously and not starved prior to excision, glycine uptake
slightly exceeded ammonium uptake (Fig. 3.2). However, these tillers were grown at
nitrogen concentrations almost an order of magnitude higher than those typically
encountered in salt-marsh soils, which could have resulted in the down-regulation of
ammonium uptake. Although the relative uptake rates of glycine and ammonium
presumably lie between these two extremes, the estimation of nitrogen concentrations
experienced by roots in the field is not a trivial exercise. Estimations of nitrogen
concentrations in the soil solution often are overestimates of nitrogen concentrations at
the root surface, due to the formation of diffusion gradients close to the root surface (Nye
1969), and the effect of rhizosphere microbial activity (Schobert, Kockenberger and
Komor 1988, Lipson and Monson 1998, Jones 1999). Furthermore, roots likely
experience pulses of high soluble N concentrations as a result of rapid microbial and root
cell lysis following freeze-thaw cycles (Hobbie & Chapin 1996) or as a result of goose
faecal deposition (Ruess, Hik & Jefferies 1989). Although mean soil solution
concentrations of N in free amino acids, ammonium and nitrate ions combined range
from 100-200 uM over the growing season (n=18), mean concentrations early in the
season and concentrations of individual soil samples throughout the growing season can
be an order of magnitude higher (Chapter 2).

In the absence of ammonium or glycine, nitrate uptake was up-regulated by the
presence of nitrate in the external solution (Fig. 3.2), consistent with the regulation
pattern of high affinty nitrate transport exhibited by most species (Lee 1982, Siddigi et al.

1990, Kronzucker, Siddigi and Glass 1995). However, nitrate uptake was minimal in the
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presence of glycine or ammonium ions. The down-regulation of nitrate uptake in the
presence of ammonium has been demonstrated for other species in ammonium-dominated
systems (Kronzucker, Siddiqi and Glass 1997, Kronzucker, Glass and Siddigi 1999). It
appears from the results of excised root experiments that the combined presence of
ammonium, amino acids and high salinities in salt-marsh soils is likely to restrict nitrate
uptake and result in a very minor contribution of nitrate to plant nutrition. Amounts of
this N source are low in these saline soils in any event (Wilson and Jefferies 1996).

Overall, the results of this study provide evidence that amino acids are an
important source of nitrogen for the growth of P. phryganodes. Roots of P. phryganodes
respond rapidly to fluctuations in external nitrogen concentrations and edaphic
conditions, and the directions and strengths of these responses on rates of nitrogen uptake
differ between the nitrogen sources (Fig. 3.3). Based on the results of excised root
experiments, amino acid uptake is likely at its highest relative to ammonium uptake from
mid- to late- growing season when soil salinity, soil temperatures and free amino acid
concentrations in the soil solution are high. A thorough understanding of the dynamics of
both soluble organic and inorganic nitrogen is essential for estimating plant nitrogen

availability in Arctic coastal marshes and elsewhere.
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Fig. 3.3. Summary of effects high salinity, low temperature, acidic pH and external
concentrations of glycine, ammonium and nitrate on rates of uptake of glycine,
ammonium and nitrate in Puccinellia phryganodes. Plus symbols denote up-regulation
and minus symbols denote down-regulation. Smaller ovals indicate relatively low effect .
The lack of an arrow indicates that no effect was present, with the exception of the effect
of the relative effect of cold temperature on nitrate uptake, which was not tested. A
strong negative down-regulation of nitrate uptake under high salinity was assumed.
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Chapter 4: Plant amino acid uptake, soluble N turnover and

microbial biomass dynamics in a grazed Arctic coastal

marsh

4.1 Abstract

The uptake of free amino acids by the grass Puccinellia phryganodes was
investigated in June and July 2000 and 2001 in soils of an Arctic coastal marsh, where
cold temperatures and high salinity limit inorganic nitrogen availability and the
availability of soluble organic nitrogen relative to inorganic nitrogen is high. Following
the injection of *C'*N-amino acid, *N-ammonium and "*N-nitrate tracers into soil, rates
of soluble nitrogen turnover and the incorporation of '*C and "N into plant roots and
shoots were assessed. Chloroform fumigation-extraction was used to estimate the
partitioning of labelled substrates into microbial biomass. Free amino acids turned over
rapidly in the soil, with half-lives ranging from 8.2-22.8 h for glycine and 8.9-25.2 h for
leucine, compared with ranges of 5.6-14.7 h and 5.6-15.6 h for ammonium and nitrate,
respectively. >N from both organic and inorganic substrates was incorporated rapidly
into plant tissue and the ratio of *C/"*N incorporation into plant tissue indicated that at
least 5-11% of >C"*N-glycine was absorbed intact. Microbial C and N per unit soil
volume were 1.7 and 5.4 times higher than corresponding values for plant C and N
respectively. Plant incorporation of "N tracer was 56%, 83% and 68% (respectively) of
the comparable incorporation by soil microorganisms of glycine, ammonium and nitrate

ions respectively. These results indicate that P. phryganodes can absorb amino acids
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intact from the soil despite competition from soil microorganisms, and that free amino

acids may contribute substantially to N uptake in this grass.

4.2 Introduction

The availability of N in soluble forms that can be taken up by plants limits
primary production in most terrestrial ecosystems (Agren 1985, White 1993). Inorganic
N is often the dominant form of N available for plant uptake; however, relatively high
concentrations of free amino acids are also present in Arctic, alpine and boreal soils
(Chapin, Moilanen and Kielland 1993, Kielland 1995, Raab, Lipson and Monson
1996,1999, Nordin, Hogberg and Nisholm 2001) and in some temperate soils (Mengel
1996, Schulten and Schnitzer 1998, Murphy et al. 2000). Many mycorrhizal and non-
mycorrhizal plants absorb amino acids rapidly from hydroponic solution (Soldal and
Nissen 1978, Schobert and Komor 1987, Kielland 1994, Raab, Lipson and Monson 1996,
1999, Wallenda and Read 1999, Falkengren-Grerup, Mansson and Olsson 2000, Persson
and Nésholm 2001, Thornton 2001). Based on soil free amino acid concentrations and
root uptake kinetics, it has been proposed that rates of organic N uptake relative to
inorganic N uptake may be high in some ecosystems (Chapin, Moilanen and Kielland
1993, Atkin 1996). The direct uptake of free amino acids by plants may have important
consequences for N cycling in these systems, as it would allow plants to short-circuit the
conventional N cycle and would decouple primary production from rates of N
mineralization (Chapin 1995).

Despite evidence that plants take up free amino acids readily from hydroponic

solution, it is unclear to what extent amino acids are taken up intact by plants in situ,
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where roots compete with soil microorganisms for organic N (Owen and Jones 2001).

Dual-labelled '*C"*N- or '*C-amino acid tracers may be injected into soil in an attempt to
detect intact amino acid uptake by roots. Several tracer studies have demonstrated high
to moderate '*C-enrichment as a proportion of ’N-enrichment in plants, which suggests
that substantial fractions of amino acids can be absorbed intact (Lipson and Monson
1998, Nésholm et al. 1998, Streeter, Bol and Bardgett 2000, Nisholm, Huss-Danell and
Hogberg 2000, 2001). In contrast, others have failed to demonstrate substantial '>C- (or
14C) enrichment relative to ’N-enrichment, which suggests that amino acids were
deaminated prior to root uptake and that >N was taken up in the inorganic form (Schimel
and Chapin 1996, Hodge et al. 1998, 1999, 2000, Owen and Jones 2001). Although this
large variation in results may be explained in part by differences in experimental
conditions and analytical techniques (Ndsholm and Persson 2001), it also may reflect
variation in the abilities of different plant species to compete for available soil organic N
(Kielland 1994, Raab et al. 1999, Falkengren-Grerup et al. 2000).

Plant amino acid uptake may play an important role in the N cycling of goose-
grazed Arctic coastal marshes, where high salinity, in addition to cold temperatures,
limits N mineralization and inorganic N uptake (Wilson and Jefferies 1996). However, in
general, amino acid turnover in saline terrestrial systems and their uptake by plants have
not been examined. In goose-grazed coastal marshes, the regrowth of grass following
defoliation by geese is dependent on droppings, yet estimated amounts of soluble
inorganic nitrogen in faeces are inadequate in some cases to account for N sequestered in
new plant growth (Hik, Sadul and Jefferies 1991). Based on bulk soil solution

concentrations and the results of a continuous flow nutrient addition experiment, amino
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acid uptake by the salt-marsh grass Puccinellia phryganodes was estimated to be as high

as 57% that of the uptake of ammonium ions (Chapter 2). Free amino acids may provide
an important source of nitrogen for the regrowth of salt-marsh plants grazed by geese,
provided that the plants can compete effectively with soil microorganisms for amino
acids in situ.

In the present study, heavy-isotope tracers were used to characterize the
partitioning of soluble organic and inorganic N between plants and soil microorganisms
in soils of an Arctic salt-marsh situated on the south-west Hudson Bay coast. Dual-
labelled "*C'>N-amino acids, ’N-ammonium and *N-nitrate were injected into soil to
estimate rates of soil N turnover and to compare rates of intact amino acid and inorganic
N uptake by P. phryganodes, the dominant goose forage grass. Chloroform fumigation

extraction was used to estimate microbial immobilization of N substrates.

4.3 Materials and methods

4.3.1 Study sites

In situ experiments were conducted in a grazed Arctic coastal salt marsh at La
Pérouse Bay, Wapusk National Park, located approximately 30 km east of Churchill,
Manitoba, Canada (58° 43 N, 94° 26 W), on the south-west coast of Hudson Bay. The
marsh can be subdivided into an intertidal zone, that is tidal in late summer and autumn,
but not from snow melt until late July in most years, and a supratidal zone that is rarely
flooded with sea water. The vegetation of the intertidal marsh is dominated by the grass,
Puccinellia phryganodes (Trin.) Scribn. and Merr., and the sedge, Carex subspathacea

Wormskj which form discontinuous swards because of early spring grubbing by lesser
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snow geese that leads to sward destruction (Jefferies 1988a,b). Net above-ground

production of intact swards has been estimated to be between 100 and 150 g m™ year’!
(Cargill and Jefferies 1984b, Hik and Jefferies 1990). Further inland, the supratidal zone
also is dominated in low-lying areas by swards of P. phryganodes and C. subspathacea,
but low shrubs, predominately Salix brachycarpa Nutt., and grasses, especially Festuca
rubra L. and Calamagrostis deschampsioides Trin., colonize frost-heave sites.
Nomenclature follows Porsild and Cody (1980).

Soils were classified as Regosolic Static Cryosols (Agriculture Canada Expert
Committee on Soil Survey 1987, Wilson and Jefferies 1996). Soils in the intertidal zone
have a greyish mineral horizon of marine sediment above which lies the top 1-2 cm that
is rich organic material. Soils are often highly reduced (E, —50 mV) in spring, especially
where they are close to drainage channels (Wilson and Jefferies 1996). In the supratidal
marsh, a mineral base is covered by 3-4 cm of dark brown-black highly humified organic
material. Over the growing season from late May to late July, mean amino acid
concentrations in soil solutions of the intertidal zone range from 32-45 uM, while
ammonium and nitrate concentrations range from 55-160 and 10-31 uM respectively
(Chapter 2). Amino acids present at high concentrations are alanine, proline, glutamic
acid, leucine, tyrosine, gamma amino-butyric acid and glycine. Soil pH averages 7.12 +/-
0.04 (n=24) in both the intertidal and supratidal marshes. The salinity of extracted soil
solutions can rise to as high as 40 g Na'/L in late summer in intertidal sites devoid or
nearly devoid of vegetation. However, beneath intact swards the salinity of the bulk soil
solution in summer is at or less than that of sea water (c.12 g Na* L") (Srivastava and

Jefferies 1995, Wilson and Jefferies 1996). Turnover and uptake experiments were
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conducted in two contrasting years, 2000 and 2001, that were characterized by late and

early springs respectively. Temperature, soil moisture and plant biomass data that

correspond with the sampling dates are provided in Table 4.1.

4.3.2 N turnover

Pairs of soil cores were collected from 3 intertidal and 3 supratidal sites on 25
June and 12 July 2000, and 17 June and 9 July 2001. Cores were collected using 7.6 cm
diameter X 6 cm deep galvanized steel rings, then wrapped in plastic film and transported
back to a field laboratory. All cores were injected in a 7-point hexagonal pattern with a
total of 7 ml of 1 mM "N solution (*"NH,CI, K'*NO;, 13ClSN-glycine or *N-leucine)
using 15 cm double-sideport spinal syringes (Popper and Sons, Hyde Park, New York).
Syringes were drawn up while injecting to evenly distribute the solution at all depths of
the core. Immediately, soil from one core from each pair was mixed and a 15 g
subsample was extracted in 75 ml of chilled 2 M KCl on ice for 1 h, then filtered through
Whatman GF/A filter paper and frozen. A second subsample was collected to determine
the fw/dw ratio. The second core from each pair was incubated at soil temperature for 24
hours prior to mixing and extraction as outlined above (6 h incubations were also run on
12 July 2000). A 24 h incubation period was selected to minimize respiratory losses of
CO; from plant material.

I5N was recovered from KCl extracts using a modified ammonium diffusion
technique after Stark and Hart (1996). Ammonium traps were constructed by pipetting 5
* Mof 2.5 M KHSO, onto 7 mm disks of N-leached Whatman No. 1 filter paper and by

encasing the disks in folded strips of PTFE thread sealing tape. For each sample, one trap
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and 0.2 g MgO were added to 8 ml of KCl extract and 20 ml of a 0.14 M NH,C1/2 M

KCI carrier solution and placed in sealed 75 ml plastic specimen containers. Solutions
were mixed daily and diffused for 6 days, after which the traps were dried and analysed
for ">N/™N ratio and N content using an Isochrom continuous flow stable isotope mass
spectrometer (Micromass) coupled to a Carla Erba elemental analyser (CHNS-O
EA1108). Isotopic analyses were performed by the University of Waterloo
Environmental Isotope Laboratory, Waterloo, Ontario.

Nitrate (*’NO;) was recovered from KC] extracts using an extension of the NH,4
diffusion method. First, 0.2 g MgO was added to open containers of extract to volatilize
NH,. After 6 days, containers were sealed and provided with ammonium traps and 0.4 g
Devarda’s alloy to reduce NO3 to NH,. '*N-amino acids were recovered by adding 0.4 g
of Devarda’s alloy to alkaline persulphate oxidations of KCl extracts (see below) and by
reducing NO; to NH, to determine total >N (10 M NaOH was substituted for MgO as a
base). '"NH,4 and "NO; were subtracted from this total to give an estimate of >N amino
acid. Blanks, N standards and diffused and non-diffused '’N standards were included for

all diffusion analyses (the coefficient of variation of standards was < 3%).

4.3.3 In situ uptake

Roots and shoots of P. phryganodes were collected from '*NH,, ">’NO; and
BCPN-glycine-injected cores used in the N turnover experiments on 12 July 2000 and 9
July 2001. Plant materials were washed three times in 0.5 mM CaCl,, dried, ground, then

analysed for 3¢ and "N content by mass spectrometry. Separate subsamples were
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collected from each core to determine the dry weight of roots and shoots per unit area of

soil core.

4.3.4 Microbial biomass and '*N incorporétion

Microbial C and N were estimated on 6 June, 4 July and 26 July 2001 using a
modified chloroform-fumigation extraction method developed for wetland soils (Witt et
al. 2000). Two soil cores were collected from each of the 3 intertidal and 3 supratidal
sites used in the N turnover experiment. Two 70 g subsamples were collected from each
core and cleared of live plant material. The first subsample was immediately extracted in
140 ml of 0.5 M K5SO4 for 1 h, filtered through Whatman GF/A filter paper, then frozen.
The second subsample was mixed in a sealed 250 ml glass Schott bottle with 2 ml of
ethanol-free chloroform. Following incubation in the dark at room temperature for 24 h,
the bottles were opened and allowed to evaporate for 30 min, then extracted as described
above.

Total extractable N was measured following alkaline persulphate oxidation as
described by Cabrera and Beare (1993), followed by analysis for nitrate. Nitrate
concentrations were determined colormetrically using an auto analyser following reaction
with Marshall’s reagent after reduction to nitrite (Pulse Instrumentation Ltd. Saskatoon,
Saskatchewan). Cadmium was used to reduce nitrate to nitrite (Keeney and Nelson
1982).

Extractable C was determined using a dichromate method as described by Nelson
and Sommers (1996). Soil extracts (1 ml) were pipetted into boiling tubes and treated

with 1 ml of 0.07 M K,Cr,07, 2 ml of 98% H,SOy4, and 1 ml of 88% H;PO,. Samples
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were mixed and digested at 150 °C for 30 min. After cooling, samples were titrated with

0.01 M Fe(NH4)2(S0O4)226H,0 in 0.4 M H,SO, using 120 pl of 4.7 mM N-
phenylanthranilic acid and 0.01 M of Na,COs as an indicator. A glucose standard was
used for calibration and values were adjusted for Fe?* content (which interferes with the
dichromate method), which was measured using the phenanthroline method (Loeppert
and Inskeep 1996). Microbial C and N were also determined for N turnover cores
injected with and "*C'°N-glycine on 9 July 2001. Excess "°N content in fumigated

samples was determined following alkaline persulphate oxidation.

4.3.5 Data analyses

For diffused samples, '°N enrichments were blank corrected using an isotope
dilution equation that does not assume complete recovery (Stark and Hart 1996) (a
minimum of 97% NH, and 70 % NOs were recovered, respectively). Half-lives of 5N
loss were estimated based on concentrations of N in the extractable fraction of the soil
at 0 and 24 h. Tracer incorporation into roots and shoots was estimated by subtracting
background enrichment in control samples from the total enrichment present in test
samples. Extractable microbial C and N were determined by subtracting non-fumigated
soil concentrations from those of fumigated soil. Correction factors of 2.64 and 2.22
were used to estimate total microbial C and N from extractable C and N, respectively
(Vance, Brooks and Jenkinson 1987, Witt ez al. 2000). For dependent variables, site
means were compared using ANOVA followed by Tukey’s multiple comparison tests to
resolve pair-wise group differences. Half-life data were logo-transformed prior to

analysis to improve normality.
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4.4 Results

51-87% of "N glycine, 48-85% of "N leucine, 68-95% of '’N-ammonium and 62-95%
of ’N-nitrate was removed from the soil solution over 24 h. In general, rates of
ammonium turnover was most rapid, followed by rates of nitrate and amino acid turnover
(Fig. 4.1). Rates of N turnover were comparable for incubations of 6 and 24 h (not
shown). Turnover of '°N substrates was slowest on 25 June, 2000, the coldest day tested
(Table 4.1). "N from ammonium, nitrate and glycine was incorporated equally rapidly
into plant roots and less rapidly into plant shoots, where incorporation of '°N from
ammonium was highest (Fig. 4.2). Significant '*C enrichment was present in roots
exposed to 13CISN-glycine, and *Casa percentage of 5N enrichment was 5% in 2000
and 11% in 2001.

Extractable microbial C and N and the C/N ratio were generally higher in
intertidal sites than in supratidal sites (Fig. 4.3). Extractable microbial C and N increased
during the growing season, although this increase was delayed for intertidal sites. On 9
July, 2001, extractable microbial C and N per unit soil volume were 1.7 and 5.4 times
higher than root C and N, respectively. Microbial >N enrichment did not differ
significantly among treatments (Fig. 4.2). On average, from 17-29% of 1°N injected into
soil cores was recovered in plant tissue, from 28-34% was recovered in microbial N and
from 11-29% remained in the soil solution (Fig. 4.4). Approximately 25% of added label

was unaccounted for (not shown).



88

Fig. 4.1. Half-lives of 5N turnover for 15N-glyc:ine, 15N-leucine, 15NH4C1 and K15N03
injected into soil cores collected from a) the intertidal zone and b) the supratidal zone at
La Pérouse Bay, Manitoba, on 25 June and 12 July, 2000 and 17 June and 9 July, 2001.
Bar and lines represent mean and standard error, respectively (n=3). Common lower case
letters denote a lack of a significant different between soluble nitrogen species within a
given sampling date (Tukey's HSD test).
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Fig. 4.2. Incorporation after 24 h of a) '*C into roots of P. phryganodes, b) "N into
shoots of P. phryganodes, c) 5N into roots of P. hryganodes and d) "°N into microbial
biomass following injection of 13 C15N-g1ycine, '>NH,4CI and K'>NOs into soil cores from
coastal marshes at La Pérouse Bay, Manitoba on 14 July, 2000 and 9 July, 2001. Bar and
lines represent mean and standard error, respectively (n=6, data are averaged over
intertidal and supratidal sites). Common lower case letters denote a lack of a significant
different between soluble nitrogen species within a given sampling date (Tukey's HSD
test).
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Fig. 4.3. a) Extractable microbial C, b) extractable microbial N and ¢) C/N ratio of
microbial extracts of soil cores on 6 June, 4 July and 26 July, 2001, Bar and lines
represent mean and standard error, respectively (n=3). Common lower case letters
denote a lack of a significant different between soluble nitrogen species within a given

sampling date (Tukey's HSD test).
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4.5 Discussion

Free amino acids turn over rapidly in soil as a result of uptake by microorganisms and
plant roots (Lipson et al. 2001, Vinolas, Healey and Jones 2001). In Arctic salt-marsh
soils, the turnover rates of amino acids were comparable to those of inorganic N, with
half-lives ranging from 8.2-22.8 h for glycine and 8.9-25.2 h for leucine, 5.6-14.7 h for
'>N-ammonium and 5.6-15.6 h for *N-nitrate. Rates of amino acid turnover were within
the range of 1.7-28.7 h reported for the turnover of amino acids in other Arctic, alpine
and temperate soils (Hadas et al. 1992, Martens and Frankenberger 1993, Kielland 1995,
Jones 1999, Lipson et al. 2001, Jones and Kielland 2002). Rates of amino acid turnover
are expected to vary with changes in soil temperature (Vinolas, Vallejo and Jones 2001).
Low temperatures are associated with low plant root and microbial biomass (Fig. 4.3) and
low rates of N transport per unit biomass (Jones 1999, Chapter 3). This is consistent with
N turnover in salt-marsh soils, which was slowest on 25 June, 2000, the coldest of the
four sampling dates. In the late fall and early spring, high soluble N concentrations are
observed in salt-marsh soils (Chapter 3). These peaks in soluble nitrogen are likely the
result of lower N turnover rates caused by declining temperatures coupled with the
release of soluble N from lysed microbial cells and roots during freeze-thaw cycles
(Skogland, Lomeland and Goksgyr 1988, Hobbie and Chapin 1996, Lipson and Monson
1998).

In addition to microbial and root uptake, soluble nitrogen is removed from the soil
solution as a result of sorption to the soil solid phase (Jones and Hodge 1999). High rates

of adsorption are typically observed for cations such as ammonium and acidic amino
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Fig. 4.4. Pie charts displaying the proportion of SN partitioned into plant tissue, microbial
biomass and the extractable soil fraction for injections of a) glycine, b) ammonium and

¢) nitrate into soil cores collected from a coastal marsh at La Pérouse Bay, Manitoba, on

9 july, 2001. Data from cores collected from supratidal and intertidal sites are pooled (n=6).
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acids (Hodge 1999, Jaeger et al. 1999). Because of their adsorption to the solid phase,
these amino acids and ammonium are typically protected from loss in the soil (Lipson
and Monson 1998, Vinolas, Vallejo and Jones 2001). In contrast, neutral and basic
amino acids and nitrate are susceptible to losses through runoff and drainage of the soil
solution. In saline soils, however, high concentrations of sodium ions and divalent
cations such as calcium and magnesium may exclude other monovalent cations from
exchange sites (McBride 1989). Therefore, ammonium and acidic amino acids may
behave more like anions in salt-marsh soils, resulting in steep depletion zones of ions
close to the root surface in the absence of buffering from exchangeable ions attached to
the solid phase.

Although N from 13CISN—glycine was incorporated as rapidly as >N from
ammonium and nitrate into roots of P. phryganodes in situ (Fig. 4.2), mean >C
incorporation was only 5% of N incorporation in 2000 and 11% in 2001. This low ratio
of ’C incorporation suggests that a large portion of glycine may have been deaminated
prior to uptake of the '°N fraction. However, it is expected that the ratio of *C/">N
incorporation should provide an underestimate of intact amino acid uptake as a result of
plant respiratory losses of *CO, following the decarboxylation of amino acids or their
breakdown products (Schimel and Chapin 1996). Respiratory *C losses were minimized
in the present study by employing a relatively short incubation time of 24 h and by
utilizing amino acids labelled at the 2-C position which is decarboxylated less rapidly
that the 1-C position (Fokin et al. 1993). Nevertheless, the carbon in the 2-C position can

be respired following deamination and breakdown of the C-skeleton in the Krebs cycle



96
(Ndsholm and Persson 2001). Therefore, some '*C may have been lost to respiration

within 24 h. Even when substantial respiratory losses of '>C do not occur, isotopic
enrichment may be more difficult to detect for *C than for 1°N because of the high
background concentration of '*C in plant tissue relative to '’N (Nzsholm and Persoon
2001).

The incorporation of "*C relative to ’N may also have been low as a result of the
deamination of glycine by plant extracellular deaminases at the root surface. Although
extracellular deaminases have not been localized on plant roots, they are present on other
photosynthetic organisms such as algae (Paul and Cooksey 1979, 1981, DeBusk et al.
1981). Hypothetically, their presence on the surface of roots could explain why *C
incorporation was 50% lower than °N incorporation for excised roots of P. phryganodes
incubated in sterile hydroponic media in short term (20 min) *C!* N-glycine uptake
experiments (Chapter 3).

The simultaneoﬁs recovery of *C and N in roots only provides indirect evidence
for intact amino acid uptake. For example, if the amino acid glycine is deaminated by
extracellular enzymes, both breakdown products (13C-glyoxylate and N -ammonium)
could be absorbed independently by plant roots (Nésholm and Persson 2001).
Nevertheless, results from the use of gas chromatography-mass spectrometry have
verified the presence of intact *C*N in roots following uptake by wheat (Nisholm,
Huss-Danell and Hogberg 2001). In the present study, excess '>C was recovered in roots
of P. phryganodes but not in shoots. However, when glycine is used as a tracer, no

relation between ">C and °N label is expected in the shoot because transport of N from
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roots to shoots occurs in the form of specific amino acids, such as the amides asparagine

and glutamine.

Similar to rates of N turnover, microbial biomass increased as the growing season
progressed but this increase occurred latest in the intertidal marsh, which indicated that
microbial biomass was low for much of the season where soil temperatures were low.
This result is consistent with the disruption and loss of microbial biomass as a result of
frequent freeze-thaw events in early spring (Skogland ez al. 1988, Vinolas, Healey and
Jones 2001). The C/N ratio was higher in intertidal sites than in supratidal sites, which
may indicate a high proportion of fungal biomass relative to bacterial biomass in
intertidal soils (Paul and Clark 1989). Estimates of microbial C and N per unit soil
volume were respectively 1.7 and 5.4 times greater than corresponding values for plant
root C and N. However, the reliability of these estimates is questionable, given that
correction factors to convert extractable microbial C and N to total microbial C and N
have not been developed specifically for wetland soils (Witt et al. 2000).

Although soil microorganisms typically capture a relatively large proportion of
the injected substrate in short-term in situ tracer experiments (Jackson, Schimel and
Firestone 1989, Schimel, Jackson and Firestone 1989, Zak et al. 1990, Schimel and
Chapin 1996), in some cases, substrate capture by plants and microorganisms is
comparable (Lipson and Monson 1998, Norton and Firestone 1996). The latter was
mostly true in the present study, where 17, 29 and 19% of the total BN injected as
glycine, ammonium and nitrate (respectively) were recovered in plant material and 30, 34
and 29% were recovered as microbial N. From 5-38% of >N was present in soil solution

extracts after 24 h of incubation. Approximately a quarter of '°N remained unaccounted
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for in soil cores. This incomplete recovery of °N may reflect error associated with the

estimation of total microbial N as discussed above. In addition to potential problems
associated with incomplete '°N recovery, chloroform fumi gation-extraction does not
distinguish between symbiotic microorganisms and those in competition with plants roots
for nitrogen, which may cause an overestimation of microbial uptake and an
underestimation of root uptake, particularly in short-term experiments (Lipson and
Nésholm 2001). Residual plant root material in fumigated soil also could provide an
overestimate of microbial >N uptake; however, the effects of root contamination in
fumigation-extraction experiments are generally minimal (Witt et al. 2000) and in the
present study every attempt was made to remove roots prior to fumigation, although fine
rootlets may have remained in the soivl cores.

Overall, the results of the in situ labelling experiments indicate that P.
phryganodes competes effectively with soil microorganims for both organic and
inorganic N. These results are consistent with the observation that inorganic N derived
from mineralization and goose faeces are not adequate to explain the observed regrowth
of plants following defoliation by geese (Hik, Sadul and Jefferies 1991). Amino acids
likely provide an important source of N to P. phryganodes in coastal salt-marshes, where
inorganic N is limiting. Given that P. phryganodes is a dominant salt-marsh species and
the primary forage species of geese, amino acid uptake by this grass has important

implications for N cycling in the entire salt-marsh system (see Chapter 5).
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CHAPTER 5: A model of the dynamics of nitrogen movement in an

Arctic salt marsh grazed and grubbed by geese

5.1 Summary

1. Foraging by increasing numbers of lesser snow geese has led to vegetation loss and
exposure of sediments in intertidal marshes on the Hudson Bay coast. Earlier, a smaller
population of geese maintained grazing lawns.

2. Data collected during the last 25 years on the nitrogen (N) dynamics of an intertidal
marsh were used to construct annual budgets of nitrogen flow under steady-state
conditions between sediments, vegetation and geese, where grazing lawns or ungrazed
swards occur. These budgets were used as the basis of a simulation model of nitrogen
flow under steady-state conditions both in the presence and absence of geese and when
goose numbers increase over 50 years.

3. The model represents the flow of combined nitrogen from nitrogen fixation, the major
nitrogen input into the system, to the yearly cohort of geese that migrate in autumn, the
major output from the system. We also model the process of grubbing that leads to
changes in soil and plant nitrogen and a decline in net input of N from fixation.

4. The model satisfactorily simulates the flow of N observed in the field under steady-
state conditions at low goose density. However, uptake by the forage grass of both
organic and inorganic N and N recycling through faeces are required for the model to

produce values of plant and goose productivity that match empirical values.
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5. Sensitivity analyses indicate that steady-state conditions are sensitive to changes in
parameters that describe nitrogen fixation and goose biology (i.e. inputs and outputs), but
they are less sensitive to similar changes in plant parameters.

6. The model shows that an increase in over-winter survival of geese can lead to a large
decline in nitrogen input. This decline leads to a collapse of the system that is consistent
with field data, which suggests that N dynamics are crucial in regulating the stability of

the salt marsh system.

5.2 Introduction

Although Arctic plants have the ability to utilize both inorganic and organic forms
of soluble soil N (Chapin et al. 1993; Kielland 1994, 1995; Atkin 1996, Chapter 2), the
nitrogen (N) supply in northern ecosystems limits plant growth (Bliss ef al. 1973; Van
Cleve 1973; Babb and Whitfield 1977, Ulrich and Gersper 1978; Kielland and Chapin
1992). Application of inorganic N to Arctic vegetation results in an increase in net
primary production, particularly in graminoid communities (Cargill and Jefferies 1984a;
Shaver and Chapin 1986). Without such additions, plant growth rate in these ecosystems
is governed ultimately by the low rate of N fixation compared to that in other ecosystems
(Chapin and Bledsoe 1992).

In spite of low N fixation, herbivory is widespread in Arctic ecosystems (Jefferies
et al. 1994). Migratory lesser snow geese (Anser caerulescens caerulescens) are
herbivores that often breed in Arctic coastal wetlands and forage in intertidal marshes.
Plant growth in these marshes is N-limited and not phosphorus-limited, except where

nitrogen loading is artificially high (Cargill and Jefferies 1984a). The intertidal marshes
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remain N-limited, in spite of the faecal input from lesser snow geese, which accelerates N
turnover and plant growth (Bazely and Jefferies 1985; Ruess et al. 1989). However, over
the long term, input from N fixation is necessary to sustain the annual removal of N by
migrating geese (Bazely and Jefferies 1989a, Wilson 1993).

In the last two decades, the mid-continent North American population of lesser
snow geese has increased in numbers at about 7 % per annum (Abraham and Jefferies
1997). This increase is probably linked to their use of agricultural crops as a food source
on the wintering grounds and flyways (Abraham and Jefferies 1997; Jefferies, Henry and
Abraham 2002), which has resulted in a rise in winter survival (Francis 2000). The
increased densities of breeding and staging birds in marshes on the Hudson Bay coast in
spring has led to considerable damage to intertidal vegetation. At present, vegetation in
2500 ha of coastal marsh in the vicinity of La Pérouse Bay has been lost or severely
damaged and at present much of the surface sediment is exposed (Jano et al. 1998). Loss
of vvegetation leads to hypersalinity of sediments (Iacobelli and Jefferies 1991; Srivastava
and Jefferies 1996), and depletion of soil organic matter (Wilson 1993; Wilson and
Jefferies 1996). The stoloniferous grass, Puccinellia phryganodes (Trin) Scribn. and
Merr. dominates the remaining intertidal salt-marsh vegetation (Fig 5.1a). The soils of the
intertidal marsh have a thin surface Ah horizon (0-3 cm below the surface), in which
most of the soil humus is located. The soil surface in the graminoid sward is colonized by
cyanobacteria, some of which fix atmospheric N (Bazely and Jefferies 1989a). Geese
remove entire plants through the process of grubbing (Fig 5.1b). Where bare sediments

occur as a result of grubbing, or where swards are not grazed, fixation rates are lower.
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Fig. 5.1. a) Representative sward of graminoid vegetation in the intertidal zone
of the salt-marsh at La Pérouse Bay, Manitoba. Both goose-grazed (unexclosed)

and ungrazed (exclosed) portions of sward are visible. b) Bare sediments exposed
as a result of goose grubbing.
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In recent years, models have been developed to simulate interactions between
climate, biogeochemical cycling and ecosystem functioning, such as the CENTURY
model (Parton et al. 1967) and the GEM model (Rastetter et al. 1991). Other models also
have been produced that are often specific to a given ecosystem. Some of them simulate
the flow of nitrogen in relation to disturbances that include grazing and fire (Risser and
Parton 1982; Seagle et al. 1992; Pastor et al. 1998), while others are models of grazed
swards (e.g. Thornley and Cannel 2000). None of these models is entirely appropriate to
simulate the effects of density of geese on the flow of N within grazed Arctic intertidal
marshes. In particular, there is a need to model the effects of high goose density, which
leads to loss of salt marsh and establishment of an alternative stable state, represented as
exposed sediment (Hik et al. 1992; Handa et al. 2002). Previously, alternative stable
state models have emphasized saturation of herbivore feeding (Noy-Meir 1975) or
enhancement of nitrogen losses (Rietkerk and van de Koppel 1997) as explanations for
multiple stable states and catastrophic behaviour in systems. Many of these models only
describe the qualitative behaviour of systems and do not allow for quantitative
predictions. Recently, Sundell et al. (200N) have described a novel two-patch model of
an alternative stable state salt marsh system. Their model is particularly interesting as it
focuses on goose behaviour and provides a choice of resource patches, a process we have
ignored here. Since the output of their model can lead to clumping of grazers it is clearly
relevant in studying the effects of density-dependent processes on resource availability.
Their model does not simulate explicitly the movement of N (a limiting resource) and as
a consequence is not tied to the physics of the system (e.g. has no time-scale). In their

model, the loss of vegetation and soil degradation are the outcome of heavy grazing of
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ungrubbed patches of vegetation, which results in hypersalinity and a reduced plant
growth rate.

Here we present a simulation model (LPBN) of N flow in a single patch of the
Arctic intertidal marsh described above. Annual nitrogen budgets for grazed and
ungrazed states of this system, based on empirical data, are used as the basis for the
construction of the model. In essence, LPBN simulates changes in these budgets in time.
It both interpolates and extrapolates, to provide day-by-day and year-by-year summaries
of N compartments and flows. It represents the foraging of geese as a combination of
grazing and grubbing. The primary objective of the model is to demonstrate how the
disruption of N fixation as a result of low sward area can cause a rapid collapse of the

system that is consistent with field data.

5.3 Methods

5.3.1 Site description

LPBN was developed and its parameter values were chosen to describe N
transport in the intertidal salt marsh at La Pérouse Bay, Manitoba, Canada (58°45°N,
93°30°W). The model was based on data from the marsh, which has been extensively
studied for more than 25 years (Jefferies 1988; Bazely and Jefferies 1996). It is
representative of the extensive intertidal salt marshes that occur along the coast of the
Hudson Bay Lowlands - a consequence of isostatic uplift and availability of sediment
(Andrews 1973; Kershaw 1976; Martini 1982). However, we emphasize that the model is

general in its structure and application.



105

5.3.2 Nitrogen budgets

Data on N pools and fluxes in this marsh were collected between 1978 and 2001
and used to establish a yearly N budget for the system. The budget is based on steady-
state grazing conditions where there is neither a net gain nor a net loss of N from the
system over the year. Amounts of N in the initial standing crop, in the net primary
production of above-ground biomass (NAPP), in plant tissue removed by geese, in
faeces, and in the biomass of geese were measured or estimated collectively by Cargill
and Jefferies (1984a, b), Bazely and Jefferies (1985), Bazely and Jefferies (1989a,b), Hik
and Jefferies (1990) and Wilson (1993). Data of the volatilization of N from faeces are
given in Ruess et al. (1989). Some N is lost from the system via denitrification (G.
Blicher- Mathiesen, unpublished data). Plant litter was calculated as NAPP less that
removed by grazing. Amounts of N in rainfall and imported or exported by tides, or lost
at spring run-off were measured directly (R.L. Jefferies, unpublished data), or estimated
from the elemental composition of Arctic rainfall (Nadelhoffer ef al. 1992).

N is lost from the system in the bodies of geese that do not return, but on a long-
term basis an equal amount is returned by cyanobacterial fixation (Fig 5.2a) (Bazely and
Jefferies 1989a, Wilson 1993). Total soil N in the intertidal marsh in 1991 was 165 gm?

b

by far the largest N pool in the system. In LPBN, the total soil N pool was set at 85 gm?,
which is the amount of N present in the top 2.7 cm of soil, where most of the humus and
graminoid roots were located. The amount of N mineralized in the N budget (2.27 g m?)
Was approximately half of that measured in 1991 and more than double that measured in

the cold, short summer of 1992. Hence the value is a reasonable approximation of mean

annual net N mineralization.
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A tentative budget for an ungrazed intertidal marsh is shown in Fig 5.2b. The
initial standing crop in June (and hence aboveground plant N) is higher than that in the
grazed marsh. The rate of N fixation is lower by a factor of 5 as a result of the higher
standing crop and increased shading of cyanobacteria. NAPP is reduced by about 20 %

compared to grazed sites, because of the absence of faecal recycling.

5.3.3 Model description

Since growth of both plants and geese at the chosen site was N-limited (Cargill
and Jefferies 1984a), the entire system was modelled as far as possible on the basis of its
nitrogen contents and flows alone. As presented, LPBN does not provide for spatial
heterogeneity; it represents a uniform area of indefinite size. Grazer density and grazing
process in the steady state are also represented as uniform, both in space and in time,
within the limits of a structured calendar describing the model year. The calendar
provides a year of 120 days, that represents the ‘season’, the period from 20 May (goose
arrival, Cargill and Jefferies 1984b), to 15 September (the onset of heavy frosts). LPBN
is intended to describe
a) the steady state observed in the past, when N resources used by the geese were

regenerated annually,

b) the quasi-steady state in the absence of grazers (e.g. in exclosures) and
¢) the effects of "over-grazing" brought about by increased numbers of geese described

above.
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Fig. 5.2. Annual N budgets for a) a grazed and b) an ungrazed intertidal salt marsh at La
Pérouse Bay, Manitoba. Arrows represent flows of nitrogen in g m™ y"'. The boxes
represent pools of N in above-ground biomass and in soil in g m™.
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The model is intended to represent both intra-annual and long-term trends in N levels in
the system over periods of the order of 1 - 50 years. It is not meant to simulate changes
beyond this, as it does not represent the long-term processes brought about by isostatic
uplift and vegetation change.

LPBN runs under MATLAB™ 5.1, and was constructed using the SIMULINK™ 2
toolkit (both from The Math Works Inc., Natick, MA, USA). Integration is done with
MatLab 5.1’s built-in solver odel5s: other built-in solvers also worked well. Although
not optimized for speed, it runs very fast on a modern PC. A set of files for defining the
model and for setting its parameter values, supervising the runs and presenting the

results, is available from N. Alan Walker (alanw @mail.usyd.edu.au).

5.3.3.1 The compartments
LPBN is an 8-state model, representing a system of seven compartments (Fig.
5.3a), open to the outside world. These compartments represent N in:
unavailable organic materials in soil (H)
available organic solutes in the soil solution (O)
available inorganic solutes in the soil solution (I)
plant shoots (S)
plant roots, rhizomes and stolons (R)
bodies of geese (G)
goose faeces (F)
A further state (Fig. 5.3b) represents sward area (A), the fraction of the area of the

modelled site occupied by sward, as opposed to exposed (grubbed) soil. Note that there is
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Fig. 5.3. a) Flow of N among compartments in the Arctic salt-marsh N transport model.
Boxes denote quantities, circles denote inputs and outputs and arrows denote the
direction of net N flow. Script text refers to the description of functional relationships in
Table 1. b) Gains and losses in sward area. Positive (+) and negative (-) effects on
fixation are displayed.
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Table 5.1. a) State Equations for LPBN. Equations for the model year b) Rate equations

for LPBN c) Equations for linking successive integrations (model years, for year t).

a)
120

H (humus N) =f (AH+ A+T - N-F)dt
0

120
O (soluble organic N) = [ (F +5H -%, - R) dt
0

120
I (inorganic N) = [ R +£-%,)dt
0
120 |
S (shoot N) = [ G +P-T, - -Z)dt
0
120
R (root N) = [ @ +U -L-B-4)dt
0
120
G (goose N) = [ @ +Z +9B -6 -$,) dt
0
120
F (faeces N) = [ 6-£ - -7)d
0
120
A (area) = j;) L, - A,)dt
b)
A, (regeneration) =Ae

A (area grubbed) =AAB IR

98 (grubbing) = Qg D;b

G (defaecation) =Gtg+ @ +Z)(1-1)
F (fixation) =Afpx-Sf{

G (arrival) =Q,

& (departure) =G

H (dehumification) =Hh



£, (leach to shoots) =F1,

& (leach to soil) =FI
A, (root mortality) =Rt
A, (shoot mortality) =St
N (denitrification) =Hn

4 (transport) =AIRp
9 (mineralization) =Om
I, (shoot turnover) =St,

?¢, (inorganic uptake) =R I y;
?¢, (organic uptake) =R Ou,

9/ (volatilization) =Fv
Z (grazing) = Qg gmax/ [1 + (A kg / 8)°]
where

Ds (shoot density) =S/A

D (root density) =R/A
c)
t t-1
A =A
0 120
t t-1
F =F
0 120
t t-1
G =6QG
0 120
Ht Ht-l
0 -7 120
I t ' t-1
0 7 120
Ot Ot~1
0 Y 120
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R =pR
0 P 120
St St—l
0 ¢ 120

no explicit representation of plant or animal numbers or biomass - the compartments
represent N density in mass per unit area. The content of each compartment is given by

the solution of a differential equation (Table 5.1a) in the rates of flow (Table 5.1b).

5.3.3.2 The rates and functional relationships
The model involves many flows, represented as functions of the contents of the relevant
compartments (Figs 5.2a,b, Table 5.1b). Few of these functional relationships are known,
though the available annual budgets give average annual rates for many of the flows. In
the absence of experimental evidence, we have often assumed for simplicity that the flow

is proportional to the content of N in the source compartment for that flow.

5.3.3.3 Arrival, departure, feeding, excretion
N in geese (G) is increased from zero and decreased to zero by the timed

processes of arrival¢, ) and departure (£) (Tables 5.1a,b, 5.2). Between these events,

the processes of feeding and excretion affect G. Feeding includes grubbing () of root

N (R) early in the model year and thereafter grazing (£) on shoot N (S). The grubbing
rate, in the absence of a detailed study, is assumed to be proportional to G, and the
process is assumed to occur on days 1 - 24 after the geese arrive. There are no studies that

define the rate equation for grazing by snow geese, so we have assumed the rate to be
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given by a generalized Michaelis-Menten function (Johnson and Parsons 1985). We take
the change in grazing rate on day 36 (hatch) to be proportional to the change in number
of grazers, rather than to goose N, on the basis of a study that shows gosling growth rate
to be nearly linear in time after hatching (Gadallah and Jefferies 1995). After day 36
(Table 5.2), grazing by goslings and adult females is assumed to increase the grazing rate
by a factor of 5. This is based on an average clutch size of approximately four and a
gosling summer mortality of about 0.5 (Cooch, Rockwell and Brault 2001). We have for
simplicity assumed a clutch of four with one death at hatch, i.e. an equivalent clutch size

of three, and a second gosling death after departure, which is included in the over-winter

Table 5.2. Timings of processes during the model year. Times in days at which
individual processes are changed in rate during the model year of 120 days. Processes not
listed are on at constant rate the whole year. Day 1: goose arrival; Day 24: plant growth;

Day 36: hatch; Day 84: departure in autumn.

Process begins: increases: decreases: ends:
&, (arrival) 1 7
G, (departure) 83 85
Z (grazing) 24 36 83
98 (grubbing) 1 24
G2 (transport) 24 84 120
7, and?¢, (uptake) 24 84 120
T, and.#, (death of shoots) whole year and over-winter
loss of soil N* over-winter

* due to loss of sward area
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mortality. The parameter of over-winter goose survival (6) is multiplied by departing
goose N on day 120 (G,) in order to calculate the initial G on arrival in the following
model year (Table 5.1c). The excretion rate (&) is the sum of ingested N (& +.£) not
retained by digestion and the goose protein turnover rate (tp). The rate of ingested N

retention is proportional to the rate of ingestion and that of N turned over is proportional

to G. Retention (r) is set at 0.67, and tp was estimated from data for Barnacle geese (Prop

and Black, 1997), from the intercept of their linear regression of excretion against

ingestion rates.

5.3.3.4 Volatilization, leaching
Constant daily fractions of faecal N (F) are either volatilized (%), or leached into
the soil (%) and plant compartments (/8'). When sward area is < 1 as a result of

grubbing, all faccal N is assumed to land on the area of the intact sward.

3.3.3.5 Root and shoot death, denitrification, dehumification, mineralization

Humus N (H) increases as a result of the daily turnover of S and year end
mortality of S and R, and decreases as a result of denitrification (#} and dehumification
(%), the rates of which are assumed to be proportional to H. Denitrification leads to a loss
of N from the system. Dehumification is defined in the model as a flow from H to the
available organic N (O). N is lost from O to R as a result of mineralization (92).
Mineralization, which is assumed to be proportional to organic N, describes the net effect

of the turnover of the soil microbial N pool, a small rapid-cycling pool not explicitly
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represented in LPBN. Input of N to inorganic N (I) is the sum of the mineralization rate

and leaching of faeces (F).

5.3.3.6 Uptake

R increases as a result of uptake from I and O, (% and 7, respectively) at rates

proportional to R X Tor R X O respectively. If R can be taken to represent root size, i.e.
the explored volume, and all inorganic and organic N in this volume is taken up, these
two rate constants should have the same values. Although the uptake kinetics of organic
and inorganic N by Puccinellia roots saturate at high concentrations, uptake over the
range of concentrations present in the soil solution is approximately linear (Chapter 3). S
increases by transport (&) and as a result of leaching of F. The sum of these gains in S is
used to calculate net above-ground primary production. Uptake and transport processes
start on model day 24, slow to 24 % of their initial rates at day 84 (Cargill and Jefferies
1984b) and stop completely on day 120. Over winter, 20 % of S and 80 % of R is carried

over on the next year, and the remainder is transferred to H, representing senescence.

5.3.3.7 Area grubbing, regeneration

Complete cover by a sward corresponds to a relative sward area (A) of 1.0. When
grubbing occurs, there is an immediate proportional loss of R and A. Also, a proportion
of area regenerates over time. We assume that soil N is lost through grubbing only if the
relevant area lost does not regenerate in the same season. That is, we assume that the
fraction of soil N uncovered by grubbing and not reclaimed by sward regeneration in the

same growing season is permanently removed during the winter.
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5.3.3.8 Nitrogen fixation

Higher rates of N fixation are known to occur at lower shoot N, but little is known about
the form of the dependence. For simplicity, we have assumed a fixation rate that diminishes
linearly with increase of shoot N. The N fixation rate per unit area of sward is multiplied by
area to give the net N fixation rate. It is assumed that N fixed on exposed soil is negligible or

lost from the system.

5.3.4 Parameter values, initial conditions and calibration

The choice of parameter values and initial conditions was based, where possible, on the results
of previous studies conducted in the intertidal zone at La Pérouse Bay (Table 5.3). Specifically,
rates of N mineralization and denitrification, and pool sizes of H, N and S were obtained from
Wilson and Jefferies (1996), N fixation rates and measures of N leaching from faeces were
provided by Bazely and Jefferies (1989a) and by Ruess ez al. (1989). N uptake kinetics and
pool sizes for I and O (primarily soluble amino acids) were obtained from Chapter 2. An active
soil depth of 2.7 cm was used to convert data in volume-specific units to area-specific units.
Grazing rates were taken from Hik and Jefferies (1990), Hik et al. (1991) and Gadallah and
Jefferies (1995). Unpublished studies of the regeneration of sward by J. McLaren suggest a rate
of about 1 cm yr' for regrowth perpendicular to a cut edge. We have arbitrarily assumed for

simplicity that grubbing exposes 1 m of edge in each square metre of sward. Thus Ag, the area

regeneration parameter, is about 104 d-1. Volatilization data (Ruess et al. 1989) were obtained
from a study conducted in marshes at La Pérouse Bay.
In the absence of empirical data, other parameter values were derived from non-

empirical estimates, carefully examined for plausibility. For example, shoot and root
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Table 5.3. a) parameters and b) initial conditions for LPBN to match the budgets.

a)
t-1 t
Y 1-A /A
120 120
1-t
o 0.4

u; 3.0x 107 g'mid!
u,  3.0x10%7 g'mid!
v 1.0x 107 d!



122

b)
grazed not grazed
0
A = 1 1
0
0 2
F = 0.001 gm 0
0
0
G = 0 0
0
0 2 2
H = 86 gm 86 gm
0
0
I = 029 gm? 0.18 gm?
0
0 2 2
0] = 042 gm 039 gm
0
0 -2 -2
R = 3.9 gm 2.7 gm
0
0 2 2
SO = 0.18 gm’ 030 gm

over-winter survival ({ and p) were based on the comparison of values of late-season
biomass with early-season values. The grubbing rate parameter (b), for which consistent
data were not available, was adjusted to allow the regeneration of the sward, expressed on
an area basis, to match grubbing losses under steady-state conditions in the presence of
geese. The grazing affinity (kg) was set to give a grazing rate near saturation at
documented values of S, which seems intuitively reasonable. The power in the equation

for.£ was set at 3 (Johnson and Parsons, 1985), but trials at 1, 2, 3 and 4 showed no large

consistent differences. The model’s initial conditions and parameter values were adjusted
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to reproduce the compartment contents and the annual fluxes given in the empirically
derived N budgets (Wilson 1993), under two sets of conditions.

1. In a steady state, in the presence of geese at pre-soil degradation densities of geese, and
2. In an alternate, quasi-steady, state, in the absence of geese, with humus N rising over
time (Table 5.4). Over-winter goose survival (G) was set at 0.4 for the former, the value

at which the population growth is zero if the clutch size is 3 (see above).

Table 5.4. Comparison of model output with data from N budgets

in the presence and absence of geese (Figs. 5.2a, 5.2b)

geese present geese absent

annual values (g N m™) N budget  model N budget model

net gain in goose N 1.6 1.6 - -
Z (grazed) and 98 (grubbed) 2.5 33 - -
primary production 3.11 4.0 2.62 2.15
peak S 0.8 0.9 1.2 1.5
peak R n.a. 4.7 n.a. 2.7
N fixed 1.67 1.84 0.33 0.9

5.3.5 Sensitivity analyses
Sensitivity analyses were performed to quantify the relative influence of changes
in input parameters and initial conditions on the steady-state output values of net goose N

gain, net plant primary production and sward area. Parameter values and initial
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conditions were modified independently to correspond to plus or minus ten percent of
their values under steady-state goose grazing, and the percent deviations in output
relative to the steady-state were plotted over a 50-year time course. A more in-depth
sensitivity analysis was performed to explore the effect of goose survival on reduction of
sward area. For this analysis, the sward area at the end of the season was plotted over a
50-year time course for 0.02 unit increments of over-winter survival of geese starting at a
value of 0.4. The model was also re-parameterized to run under steady-state conditions
in the absence of organic N uptake by plants, in order to assess the ability of the model to
match empirically derived N budgets under these conditions. In addition, the model was
run in the absence of N leaching from faeces in order to assess the contribution of faecal

N recycling to the availability of goose forage following grazing.

5.4 Results

5.4.1 LPBN - General observations

The model, like the budgets it was based on, describes a system with a dominant
source, N fixation, and a dominant sink, departure of the cohort of geese that hatched in a
given year. In any true steady state, these must be equal, i.e. in the steady state, the model
describes throughput of N from fixation to the net gain in goose N. There is also a
dominant buffer in the system, the humus, which can take up differences in these rates
over many decades. On a decadal time-scale, the contents of other soil and plant
compartments simply adjust to give the required throughput, at least within the range of
stability of the model system. On a time-scale of one to two years, however, the contents

of these intermediate compartments are critical in determining the behaviour of the
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model. Setting it to represent a steady state requires a number of cycles of adjustment of

So’ Ro’ Io and Oo-

5.4.2 Steady-state simulations

We found, as hoped, that the steady-state annual fluxes between major N pools in

the model, with values of 0 or 1.0 g m~2 for initial goose N (Qy), could be brought into
agreement with those in the empirically-derived static budgets for grazed or ungrazed
conditions (Table 5.4). G and peak S reached the same values for the model and the
budget, although the model over-estimated fixation and seasonal (annual) primary
production by 10% and 38% respectively. With Q, at O, the model was qualitatively
correct in showing lower fixation and primary production and higher S than the
respective values with Q, at 1.0. However, the model did overestimate fixation with Qq
at 0. Intra-annual variation in N pools (Fig. 5.4) was quantitatively consistent with trends
typically observed in the field (Cargill and Jefferies 1984b, Bazely and Jefferies 1989a,
b). S reached a maximum at day 36, after which it fell to a stable value. After departure,
S increased again until the end of the model year. Soil N increased rapidly at the
beginning but fell with time. H also declined during the model year, but recovered with

the influx of N in plant litter at the end of the year. Intra-annual trends in compartment

contents were similar with QgatOor 1.0 g m-2, except that S increased in the absence of
grazing until the end of the year (Fig. 5.4). S in the absence of grazing also differed from
that when geese were present. With either value of Qg, all compartments were in a steady
state from year to year except H, which showed a steady gain in the absence of grazing as

reported by Wilson (1993).
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Fig. 5.4. Intra-annual trends in N compartment sizes for the salt-marsh N transport
model a) in the presence of geese and b) in the absence of geese. Some timed seasonal
events are noted at the top.
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5.4.3 Sensitivity analyses

The net gain in goose N was found to be highly sensitive to increases in most
goose parameters, several soil parameters and the initial conditions, but relatively
insensitive in the long-term (> 5 years) to changes in plant parameters, which elicited
only short-term, low amplitude responses (Fig. 5.5a). Specifically, (annual) net goose N
gain was sensitive to changes in retention (r), turnover (t,), grazing (gmax and k), fixation

(fmax and fs), dehumification (h) and initial humus (H,). Increased goose overwinter

survival (o) resulted in a strong initial increase in output of net goose N gain, but over the
long term a decrease occurred as a result of a decrease in A and S.

The sensitivity of net above-ground primary production (NAPP) to changes in
goose parameters differed from that of output of net goose N gain (Fig. 5.5b). In
particular, increases in retention resulted in decreases in NAPP. Increases in NAPP with
increased gmax and ¢ were proportionally lower than those exhibited by net goose N gain.
The sensitivity of NAPP to changes in soil and plant parameters and initial conditions
(not shown) was similar to that of net goose N gain. A was sensitive to increases in ¢ and

moderately so to changes in fixation (fmax), grazing (gmax and kg) and grubbing (b and e)

(Fig. 5.62). Decreases in A with increased ¢ were approximately linear up to a value of
0.48. Above that value of 6, the system declined sharply after 10 years or less (Fig.
5.6b).

The model could be re-parameterized to represent the steady-state budget without
any uptake from O. In this situation neither net goose N gain nor NAPP were affected.
However, in the runs without uptake from O, R needed to be higher (2.25 g m? y) than

the highest empirical estimates (0.43 - 1.72 g m™ y”', Wilson and Jefferies 1996) in order



130

Fig. 5.5. a) Relative Net Goose N gain for 10 % increases in individual i) goose
parameters (b - grubbing; g,..x and k; - grazing; r - retention; tg - turnover; o - survival),
ii) soil parameters (fyax and f; - fixation; h - dehumification; I - leach to soil; m -
mineralization; n - denitrification), iii) plant parameters (e - regeneration (-10 %); I -
leach to shoot; p - transport; t, - turnover; t; - winter survival; u; - inorganic uptake; u, -
organic uptake) and iv) initial conditions (A - area; Gy - goose N; Hy - humus N; Ip-
Inorganic N; Op - organic N; Ry - root N; Sg - shoot N) relative to steady-state net Goose
N gain in the presence of grazing. b) Primary production for 10 % increases in individual

1) goose parameters (see a,i) relative to steady-state primary production in the presence of
grazing.
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Fig. 5.6. a) Relative sward area remaining (end of the season values) for 10% changes in
model input parameters (b - grubbing; e - regeneration (-10 %); kg and gpax ~ grazing; fay
- fixation; r - retention; ¢ - survival. Only parameters eliciting a decrease in area of more
than 0.5% after 50 years are shown. b) Relative sward area remaining at the end of the
growing season for increments of 0.02 in goose survival. c) Relative sward area
remaining after 50 years (end of season values) as a function of grubbing rate for
increments of 0.02 in goose survival.
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to support this level of NAPP. Mineralization in runs with organic N uptake (0.68 gm?
y'l) was within the range of empirical estimates.

The model could also be re-parameterized to run under a steady-state in the absence of N
leaching from faeces. In the absence of faecal N leaching, NAPP (2.9 gm?y"') was 27%
lower and the net gain in goose N (0.95 g m™ y") was 41% lower than values obtained in
the presence of faecal N leaching. These decreases in NAPP and net gain in goose N
occurred despite a 10% increase in N fixation, which was 2.02 g m™? y! in the absence of

faecal N leaching.

5.5 Discussion

Most models of plant growth explicitly include carbon dynamics. However, in
this modelled sward of grazed graminoid vegetation, plant growth is unlikely to be
carbon limited. The modelled sward, which is only about 2.5 cm high, has a leaf-area
index that is about 0.2 (Bazely 1984). Consequently, PAR is little attenuated at the
ground surface and plant leaves in the sward receive direct sunlight. Even in ungrazed
exclosures, attenuation of PAR is minimal. Thus plant growth is unlikely to be carbon-
limited. These findings and those indicating N limitation of primary production stron gly
support the decision to model only the dynamics of N transport and not those of N and C
together.

When parameters were increased by 10% from their steady-state values, the
individual effects on both N removed when the geese depart and on primary production
are different (Fig. 5.5). Net goose N gain was sensitive to a wide range of variables.

These included not only survival of birds, but also those processes that influenced N flow
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directly or indirectly to the geese, such as increases in grubbing rate, in the retention and
turnover of N by geese and in the maximum rate of nitrogen fixation. Even after 50 years,
new steady state conditions were not established in the above cases. In contrast, when
most plant and soil variables were increased by 10%, a new steady state was established
after 15 years, although in the first 5 years changes in N removed compared to the
original steady state were often abrupt (Fig. 5.4a, ii, iv). Ongoing increases or decreases
in these plant and soil parameters may be expected to generate continuous non-steady
state conditions that have the potential to lead to catastrophic shifts. Plant primary
production is particularly sensitive to goose survival and retention of N by geese. An
increase in retention leads to a rise in goose numbers and an increase in utilization of
primary production by geese. Although this is not a spatially-explicit model, the model
predicts that the decline in plant N caused by grubbing with increasing goose N reduces
the area available for N fixation. It also reduces the size of the soil N pool, and
consequently further reduces plant N. There is field evidence that the extent of grubbing
in any one year is linked to adverse weather conditions farther north in early spring that
force birds migrating to the High Arctic to stage longer in coastal areas of the Hudson
Bay Lowlands (Skinner et al. 1999; Jefferies and Rockwell 2002). Where these events
are restricted to one year, they may create only minor perturbations in the system, but if
they are sustained over a number of years they could lead to catastrophic shifts as
outlined above.

At low goose density, LPBN represents a remarkably stable system, which
changes little over a range of goose densities. However one of its most interesting

features is that it can be in a state where a small increase in goose survival can elicit a
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progressive decrease in sward area, leading to the collapse of the system (Figs 5.6b, c).
An increase in survival from 0.4 to 0.5 shifts the system from a steady state to one where
it collapses in less than 12 years. If the survival is increased to 0.7 then the collapse
occurs in 7 years. These rapid effects reflect the historic changes that have occurred in the
intertidal marsh in the late 1980’s and the early1990’s (Jefferies and Rockwell 2002).

An additional factor, not yet modelled, is that in early spring in the late 1980s the marsh
often was used by large numbers of staging birds, in addition to the breeding population
of geese. This led to a temporary large increase in the population of birds before the
growth of above-ground vegetation, and grubbing was intensive. This effect must be
carefully modelled based on much-needed quantitative studies of grubbing behaviour. At
present, we cannot determine how near the system was to collapse prior to the spring
staging birds damaging the vegetation of the intertidal marsh in the late 1980's and
1990's.

Intensive grubbing resulted in much of the intertidal marsh changing to mud flats,
recognised as an alternative stable state of the marsh. A state and transition model can be
used to show that changes leading to this alternative stable state are effectively
irreversible (Handa et al. 2002). In the model increased survival accounted for the
increased foraging pressure of the geese, whereas field results indicate that the change
came about because of the presence of large numbers of staging birds that were present at
the site during several springs. In both cases the changes to the system occurred within a
few years leading to the collapse of the system. The outcome is similar to those predicted
by the mathematical models of catastrophic shifts in systems and alternative stable states

by Van de Koppel ez al. (1997) and Van de Koppel et al. (2001) for semi-arid grasslands
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and tidal flats. However, in the present model, the collapse of the system is precipitated
by a disruption of N fixation rather than the enhancement of nitrogen losses through
erosion.

LPBN models the nitrogen flux through the plants as driven by the availability of
both organic and inorganic soil N, since it has been found that the sward grass,
Puccinellia phryganodes, can readily take up soluble organic N (Chapters 2 and 3). The
model shows that if plant uptake were based solely on inorganic N then the rate of
mineralization would have to be higher than observed. Hence, we believe that the model
correctly accounts for the dual inputs of soluble organic and inorganic N to plants.
Contributions from faeces to the soil soluble N pool may enhance plant growth provided
that faccal material is not washed away by tides before it has been leached of N (Bazely
and Jefferies 1985; Ruess et al. 1989). Although tidal export of faeces was not modelled
explicitly, runs of the model in which faecal N leaching was absent show that this
additional N sink reduces NAPP and makes the system less able to provide net goose N
gain, despite the increase in the rate of N fixation that results from lower shoot density.

The model predicts a crash at what would otherwise be a sustainable goose density.

5.6 Future work

Our experience with LPBN emphasizes the requirement for further experimental
studies, especially of the properties of the major sources and sinks of N, which are critical
in determining the stability of the modelled system. Quantitative studies of the rate of
nitrogen fixation as a function of plant density (over the range from ungrazed swards to

bare mud) are badly needed. We also need quantitative data of the grubbing and grazing
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behaviour of geese, which at present is modelled only with the help of a number of
arbitrary assumptions. Measurements are required of N turnover and N retention by geese
of different ages, so that the stability of the system can be more precisely assessed.
Additional data on below-ground N pools, root N turnover rate, transfer of root N to
humus N and protease activity are required to improve the modelling of short-term
changes in the system. In particular, studies of changes in N distribution during the winter
resulting from frequent freeze-thaw cycles are needed (Hobbie and Chapin 1996) as in
the Cape Churchill region 16 or more freeze-thaw cycles occur, on average, each winter
(R. Bello, personal observation).

We have not included historical data on goose arrival into LPBN, although there
is scope to develop such historical changes in the model. At present LPBN is not a
spatially explicit model, but it could be extended to include spatial dimensions along
which variation in properties and grazer choice occurs. The effects of intense grazing
(Sundell et al. 2002), as opposed to the effects of grubbing, might be included, but
quantitative data are required of the functional response of geese to the availability of
forage species. Finally, there is scope for the study of effects of climate change with the

model.
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Chapter 6: General Discussion

6.1 Overview

The availability of nitrogen in forms that can be taken up by plants limits the
primary productivity of Arctic coastal salt-marshes in spite of inputs of N from
sedimentation (Cargill and Jefferies 1984a). As a result of low temperatures, low
precipitation and high soil salinity, inorganic forms of nitrogen are in short supply in
Arctic systems in general (Atkin 1996, Lee 1999). The results presented in this thesis
demonstrate that the availability of soluble organic N relative to inorganic N is high in
salt-marsh soils (Chapters 2,4) and that direct uptake of organic nitrogen as free amino
acids is likely an important source of N for the growth of the salt-marsh grass, P.
phryganodes (Chapters 2,3,4). The uptake of free amino acids by this species, which
accounts for a large proportion of the total plant biomass of intertidal areas, has important
consequences for primary production in this system. Given that P. phryganodes is a
major forage plant of the lesser snow goose, the dominant salt-marsh herbivore, the
growth of P. phryganodes is closely linked with the overall productivity of the entire
system (Chapter 5). In the following chapter, results presented in this thesis are
synthesized, in order to address the availability of soluble nitrogen for plant uptake in
Arctic salt-marsh soils, the ability of P. phryganodes to take up soluble nitrogen (or
otherwise) and the implications of soluble organic uptake by plants for ecosystem N
dynamics. Key technical limitations that currently hinder the study of amino acids uptake

by plants are also discussed and directions for future research proposed.
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6.2 Availability of soluble nitrogen for plant uptake in Arctic salt marsh soils

In contrast with most temperate agriculture soils where nitrate concentrations in
the soil solution can exceed free amino acid concentrations by several orders of
magnitude (Schobert and Komor 1987, Schobert et al. 1988, Wolt 1994), concentrations
of free amino acids and soluble ammonium ions in the salt marsh at La Pérouse Bay
generally were within the same order of magnitude during the growing season, whereas
nitrate concentrations were low (Chapter 2). Free amino acid concentrations relative to
those of inorganic nitrogen in the soil solution were highest in the intertidal zone, where
the median ratio of amino acid nitrogen to ammonium nitrogen was 0.36 and amino acid
concentrations exceeded those of ammonium ions in 24 % of samples. Mean nitrate
concentrations were lower than free amino acid concentrations on all sampling dates. In
addition to amino acids, other soluble organic N compounds, principally proteins and
peptides, were present in salt-marsh soils at concentrations approximately equal to free
amino acid concentrations. Some species of plants can grow on proteins or peptides as
sole sources of N; however, the ability to use these organic sources appears to be
dependent on the presence of mycorrhizae (Stribley and Read 1980, Abuzinadah and
Read 1986, 1989, Turnbull et al. 1995, Chalot and Brun 1998). While plants possess
transporters for small peptides and ureides (Frommer et al. 1994), their potential
contribution to total N uptake has not been established.

Although bulk soil solution measures indicated that organic nitrogen represents a
substantial proportion of the soluble N pool in Arctic salt-marsh soils, the use of bulk soil
solution measures to infer plant available nitrogen has been criticized on several grounds.

First, a high concentration of a given substrate in the bulk soil solution could result from
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slow turnover, which could indicate low uptake rates of this substrate by both soil

microorganisms and plant roots (Ingestad and Lund 1986, Ingestad 1988). This criticism
does not apply to glycine in Arctic salt-marsh soils, given that glycine turned over
quickly and was taken up rapidly by plant roots (Chapter 4). A second criticism of bulk
soil solution measures is that they are not representative of concentrations of the different
N species present at the surface of plant roots (Leadley, Reynolds and Chapin 1997,
Vinolas et al. 2001). Substrate depletion occurs in the rhizosphere as a result of uptake
by roots and root-associated microorganisms (Nye 1969, Tinker 1969). Although
nitrogen concentrations at the root surface of P. phryganodes could not be measured
directly in situ, results from the continuous flow experiment indicated that at typical soil
concentrations of 100 uM total nitrogen, observed transpiration rates were insufficient to
replenish nitrogen at the root surface via mass flow alone assuming steady state
conditions (Chapter 2). Therefore, diffusion must have contributed to nitrogen
movement to the root surface in these experiments. Replenishment of root depletion
zones by diffusion is more rapid for acidic amino acids and ammonium, which are well
buffered in the soil solution, than for neutral and basic amino acids and nitrate (Nye
1969, Tinker 1969, Jones and Hodge 1999). However, the diffusive properties of amino
acids have not been quantified for many soils (Leadley et al. 1997). Clearly, such data
are necessary to model successfully the supply of amino acids to the root surface.

There was substantial variation in the relative concentrations of amino acids and
ammonium ions among soil solution samples within salt-marsh sites (Chapter 2). Based
on the results of the continuous flow experiment, free amino acids could supply tillers

with adequate nitrogen for growth in soil patches where ammonium concentrations are
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low. Although soil nitrogen heterogeneity is a common phenomenon at most spatial

scales (Jackson and Caldwell 1993, Cain et al. 1999), it may be amplified in goose-
grazed marshes as a result of the scattered release of goose faecal droppings, which are
rapidly leached of soluble nitrogen (Ruess, Hik and Jefferies 1989). Averaged over sites,
temporal variation in the overall free amino acid concentration was low over much of the
growing season. In addition to amino acids leached from goose faeces, most of the
amino acids at this time are likely the products of extracellular protease action on plant
and microbial necromass, which is thought to be the greatest contributor to the soil free
amino acid pool in Arctic soils (Kielland 1995, Hobbie and Chapin 1996, Lipson e al.
2001). In the late fall and early spring, the peak in soluble nitrogen concentrations that
occurs is likely the result of rapid rates of microbial and root cell lysis during freeze-thaw
cycles (Hobbie and Chapin 1996).

The relatively high availability of free amino acids in tundra soils may have
important implications for the amino acid nutrition of geese, which ingest soil while
grubbing for plant roots and rhizomes in spring. Of the 20 L-amino acids that birds
incorporate into proteins, nine cannot be synthesized by bird enzymes (Klasing 1998).
These amino acids, referred to as essential amino acids, are arginine, isoleucine, leucine,
lysine, methionine, phenylalanine, threonine, tryptophan and valine. In addition,
although histidine, glycine and proline can be synthesized, the rate is insufficient to meet
a bird's metabolic demand in some situations and tyrosine and cysteine can only be
synthesized when the ingestion of the essential amino acid precursors, phenylalanine and

methionine, is adequate (Klasing 1998).
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During reproduction and moult, birds have additional amino acid requirements

beyond those of normal body maintenance. For birds that lay many large eggs, the
requirement for oviduct growth and yolk synthesis may increase by more than six times
maintenance levels for critical amino acids, such as methionine and leucine (Krapu and
Reinecke 1992). During moult, the sulphur amino cysteine and methionine, and to a
lesser extent the branched-chain amino acids valine and leucine, are required in great
quantities for feather replacement (Mitchell 1959). When sulphur amino acid deficiency
occurs during moult, these amino acids may be withdrawn from pectoral muscle (Hanson
1962) or converted from chondroitin sulphate and keratin sulphate from the
tarsometatorsi (Herring 1973), with a resultant catabolic wastin g of the donor tissues
(Mitchell 1964). It has been calculated that between 2.9 and 3.6g of tissue protein must
be mobilized for each gram of feather in penguins due to the mismatch in the amino acid
composition of body protein and that of feather protein (Cherel ez al. 1994). The
contribution of free soil amino acids to the amino acid nutrition of geese during
reproduction and moult has not been determined, but intensive grubbing occurs in late
spring and also in late July and early August (time of moult) in most years. Aside from
roots, the intake of sediment rich in cyanobacteria and diatoms and other microorganisms
may provide “a cocktail” of essential amino acids. In recent years, increased degradation
of P. phryganodes swards and their underlying organic substrate and a reduction in
grubbing at the time of moult have coincided with the delayed development of primary
feathers in goslings (Rockwell and Cooch, unpublished data). In general, the overall
body mass of goslings has declined (Cooch er al. 1991). However, at some non-intertidal

sites where the mean body mass of goslings has not decreased, this delay in feather
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production may be indicative of a deficiency in sulphur-containing amino acids in the

gosling diet, as the birds appear to be otherwise well-fed. Feather growth bars that
denote 24 h periods of growth and feather amino acid composition may be used as
indicators of nutritional status (Grubb 1989, Murphy et al. 1990). The presence of ‘fault
bars,” translucent bands in feathers caused by the defective formation of barbules, have
also been attributed to dietary deficiencies; however, these do not appear to result from a

deficiency in sulphur amino acids (King and Murphy 1984).

6.3 Uptake of soluble nitrogen by Puccinellia phryganodes

The ability of roots to absorb intact amino acids is ubiquitous (Fischer et al.
1998); however, rates of amino acid uptake relative to rates of ammonium and nitrate
uptake vary substantially among species (Kielland 1994, Raab et al. 1999). The uptake
kinetics of amino acids by roots are typically characterized by providing them with "N or
'C-labelled substrates dissolved in hydroponic media. Although these experiments
cannot reproduce the conditions experienced by plants in the field, they provide a direct
comparison of amino acid and inorganic nitrogen uptake rates at set external nitrogen
concentrations under controlled conditions. In P. phryganodes, the relative rates of
uptake of amino acids, ammonium and nitrate were highly sensitive to the form of
nitrogen present in the culture solution prior to excision (Chapter 3). Ammonium uptake
was up-regulated in response to ammonium starvation, whereas glycine uptake was up-
regulated in the presence of external glycine. When amino acids, ammonium and nitrate
were provided in the growth medium, glycine uptake was equal to the combined uptake

of ammonium and nitrate. Therefore, unlike nitrate uptake, which is generally low for
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plants in ammonium-dominated systems (Kronzucker, Siddiqi and Glass 1997,

Kronzucker, Glass and Siddiqi 1999) and which was strongly down-regulated by external
glycine or ammonium ions, glycine uptake by P. phryganodes remained high in the
presence of ammonium ions. These results cannot be extrapolated directly to predict
rates of uptake by P. phryganodes in the field because the regulation status of field-
grown roots is unknown (roots cannot be removed from the mineral substrate without
incurring substantial damage). However, they do indicate that rates of glycine uptake
may be comparable to rates of ammonium uptake if both substrates are present at similar
concentrations at the root surface.

The incorporation of '*C into the roots of P. phryganodes following the injection
of *C*N-labelled glycine into soils indicated that some glycine was absorbed intact by
roots in situ; however, the low ratio of >C incorporation relative to N incorporation
indicated that much of the >N may not have been absorbed as the intact amino acid
(Chapter 4). When excised roots of P. phryganodes were immersed in hydroponic
medium over a short-time course of 20 min, '*C incorporation was only half that of 1’'N
incorporation (Chapter 2). The latter result was unexpected, given that microorganisms
were not present in the hydroponic medium (with the possible exception of root surface
contamination, which appeared to be minimal). Furthermore, the time course of the
experiment was too short for large respiratory '>C losses to have occurred (see below). In
many algae and fungi, extracellular deamination of amino acids can occur at the cell
surface, followed by uptake of ammonium ions (Paul and Cooksey 1979, 1981, DeBusk
et al. 1981, Munoz-Blanco, Hidalgo-Martinez and Cérdenas 1990). Although

extracellular deaminases have not been localized on the surface of root cell membranes,
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hypothetically, their presence could explain the low "*C incorporation of *C'’N-

amino acids from hydroponic media and could also explain part of the discrepancy
between '°C and 1°N incorporation in the field. Extracellular deamination of amino acids
by soil microorganisms also could potentially lead to an overestimation of intact uptake
by roots if both deamination products (13C and 15N) are absorbed. However, the use of
gas chromatography-mass spectrometry confirmed that '*C**N-amino acids remained
intact following uptake by the roots of wheat (Nésholm, Huss-Danell and Hogberg 2001).
Alternatively, the extent of intact amino acid uptake could likely be resolved by
examining the synchrony of '*C and N incorporation into roots over a short-time course.

There are numerous alternative explanations for why the ratio of '*C to N
incorporation may underestimate the proportion of amino acids absorbed intact in situ.
Foremost, °C absorbed as intact amino acid may be lost as a result of respiration
(Schimel and Chapin 1996). In the present study, respiratory losses were minimized by
employing a relatively short incubation time of 24 h and by using amino acids labelled in
the 2-C position rather than the 1-C position, which is prone to rapid respiratory
decarboxylation (Fokin et al. 1993). Nevertheless, the carbon in the 2-C position can still
be respired following deamination and breakdown of the C-skeleton in the Krebs cycle
(Nisholm and Persson 2001) and as a result some ">C may have been lost to respiration
within 24 h. Respiratory *CO, losses remain an inherent problem associated with the
use of dual-labelled amino acids to infer intact amino acid uptake.

A further explanation for the apparently low uptake of *C uptake by roots in situ
is the large error associated with the high dilution of *C in plant material. The dilution

of 1*C in plants is 60 -150 times that of '°N as a result of high carbon to nitrogen ratios in
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plant tissue and the relatively high natural abundance of '3C relative to '*N (Nzsholm

and Persson 2001). Therefore, when realistically low levels of substrate are added to the
soil, *C enrichment in plants may be low relative to natural variation and analytical error.
In short-term labelling experiments, tracers absorbed by roots are predominately present
in soluble compounds. Recently, a technique has been developed whereby the proportion
of tracer in samples is amplified by removing the insoluble fraction of plant material prior
to isotopic analyses (Nédsholm, Huss-Danell and Hgberg 2001). The concentration of
13C obtained is 10 times hi gher than that obtained using dried plant materials and as a
result greater '*C uptake is discernable.

The uptake of free amino acids by plants in situ largely reflects the outcome of
competition between roots and soil microorganisms. Soil microorganisms are ubiquitous
in the soil, possess high surface area to volume ratios and often exhibit high relative
growth rates. They also may be located closer than roots to the location of extracellular
protease activity. As a result, typically they have been expected to outcompete roots for
soil amino acids (Kaye and Hart 1997). Tillers of P. phryganodes captured 17% of
amino acid "N added to soil, as compared with 30% captured by soil microbial biomass
(Chapter 4). In comparison, P. phryganodes captured 29 and 19% of >N from
ammonium and nitrate ions, respectively, and the soil microbial biomass captured 34 and
29% . These results indicate that roots of P. phryganodes competed well for both amino
acids and inorganic nitrogen. In short-term uptake experiments, root uptake may be
underestimated relative to microbial uptake because '°N present in mycorrhizae is
included in the soil microbial fraction when roots are removed and hyphae tear loose and

remain in the soil (Nédsholm and Persson 2001). Further efforts must be made to
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distinguish between uptake by plant symbionts and competing soil microorganisms.

In long-term experiments, plant '°N uptake relative to microbial uptake is higher than that
in short-term experiments as a result of the rapid turnover time of microbial biomass
relative to root biomass (i.e. °N may cycle through the microbial biomass numerous
times and eventually be absorbed by roots). Therefore, the competitive abilities of plants
for nitrogen in the long-term may ultimately be determined by their abilities to capture
nitrogen liberated by microbial turnover. However, it is not possible in long-term
experiments to distinguish intact amino acid uptake from inorganic N uptake.

Variation in the relative competitive abilities of plants and microorganisms for
ammonium and nitrate ions may reduce plant-microbial competition for N (Norton and
Firestone 1996). Likewise, plant-microbial competition may be further reduced as a
result of variation in competitive abilities for organic and inorganic nitrogen (Lipson and
Monson 1998). In the present study, inorganic versus organic uptake differed between
plants and soil microorganisms (Chapter 4). The outcome of competition between plants
and microorganisms can also vary substantially among different amino acids (Lipson et
al. 1999) and temporal partitioning in amino acid use between plants and microorganisms
may further reduce plant-microbial competition (Lipson and Monson 1998).

While both amino acids and ammonium appear to contribute substantially to N
uptake in P. phryganodes, the contribution of nitrate to N uptake is less clear. Based on
the low uptake rates of nitrate from hydroponic solution (Chapter 3) and the relatively
low concentration of nitrate in the bulk soil solution (Chapter 2), it was expected that rate
of nitrate uptake by this species in the soil would be low. Nitrate reductase activity in

roots of P. phryganodes is also relatively low, even when soils are amended with 50 mM
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potassium nitrate (R. L. Jefferies, pers. comm.). However, root >N enrichment was

high following the injection of K'*NO; to the soil (Chapter 4) and in a sand culture
nutrient-addition experiment, tillers grew equally well on KNO3; and NH,Cl at low NaCl
concentratjons (unpublished data). These results imply that either nitrate was taken up
directly by roots in the field, or it was reduced to ammonium in the soil prior to uptake or
absorbed by mycorrhizae (mycorrhizae did not appear to be associated with roots in
hydroponic solution, where rates of nitrate uptake were low).

Sodium chloride typically interferes more severely with nitrate uptake than with
ammonium uptake (Cram 1973, Deane-Drummond and Glass 1982, Xu et al. 2000);
however, its effect on amino acid uptake by plant roots has not been explored previously.
In P. phryganodes, rates of amino acid uptake relative to ammonium uptake were greatest
at high salinities. Therefore, P. phryganodes can likely capitalize on the relatively high
ratio of free amino acids to ammonium present in the soil from mid-to-late growing
season, with the onset of high salinity. Rates of glycine uptake increased slightly with
decreasing NaCl concentration in the external solution, likely due to the alleviation of
adverse osmotic effects. However, the rate of glycine uptake peaked at low salinity (5-10
mM), and declined at lower external NaCl concentrations (unpublished data - variation in
uptake rates between replicates was high at low éxtemal NaCl concentrations). While
any explanation for this apparent effect remains speculative, this decline in amino acid
uptake at very low NaCl concentrations may reflect the presence of sodium co-transport
of amino acids, a phenomenon that is common in animals and bacteria yet remains to be

demonstrated in plants (Fischer et al. 1998).
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Ammonium uptake is less cold-temperature sensitive than nitrate uptake in

many Arctic species (Chapin ef al. 1986, Atkin and Cummins 1994). Reductions in
nitrogen uptake at low temperatures may result from a direct effect on nitrogen transport
sites or the fluidity of the cell membrane (Clarkson and Warner 1979), or they may be
mediated through indirect effects on nitrogen demand caused by a low relative growth
rate (Atkin and Cummings 1994). Nevertheless, it remains unclear why these
suppressive effects are stronger for nitrate uptake than for ammonium uptake. In P.
phryganodes, the uptake of ammonium was less sensitive to low temperatures than the
uptake of glycine (Chapter 3). This result, coupled with the relative insensitivity of
glycine uptake to NaCl, reinforces the hypothesis that amino acid uptake relative to
inorganic nitrogen uptake is likely highest during the mid-to-late growing season.
Although the effects of temperature were not tested formally in situ, the ratio of 1>C
relative to '°N in plant tissue following injection of dual-labelled 13C15N—glycine into the
soil was significantly higher in 2001 (a warm year) than in 2000 (a cold year) (Chapter
4). Early in the season, high rates of ammonium uptake relative to glycine uptake at low
temperatures coincide with a pulse in high ammonium concentrations in the soil solution
(Chapter 2). However, given the low quantity of live microbial and root biomass present
at this time, much of this nitrogen may be lost from the system in spring runoff (Hobbie
and Chapin 1996, Lipson and Monson 1998).

The relative uptake of free amino acids and ammonium ions by plant roots can
vary depending on the pH of the external solution (Soldal and Nissen 1978, Falkengren-
Grerup, Méansson and Olsson 2000, Thorton 2001). In P. phryganodes, uptake of glycine

increased with decreasing pH, whereas the uptake of ammonium ions decreased (Chapter
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3). Plants that absorb nitrogen primarily as ammonium rather than nitrate tend to

promote acidification of the rhizosphere (Nye 1981). In P. phryganodes, this would
favour amino acid uptake over ammonium uptake; however, root zone acidification in
this species has not been explored.

Overall, the effects of pH, salinity and temperature on nitrogen uptake in the field
remain speculative. Nevertheless, the sensitivity of N uptake by P. phryganodes roots to
changes in these factors in hydroponic media suggests that the relative rates of amino
acid and ammonium uptake may vary substantially with variation in climatic and edaphic
conditions. Furthermore, this sensitivity emphasizes the importance of carefully selecting
and controlling the conditions of the hydroponic media in uptake experiments and
cautions against comparing uptake rates between studies.

In the long term, the balance of inorganic and soluble organic N in soils could
shift substantially as a result of climate warming (Lipson and Nisholm 2001). It is
currently predicted based on general circulation models that the mean global temperature
will increase by 1.4-5.8 °C in the next 50-100 years, with greater warming occurring at
higher latitudes (IPCC 2001). Although responses to climate warming vary widely among
systems, warming generally leads to increases in soil respiration, net N mineralization
rates and plant productivity (Rustad et al. 2001). Increased mineralization rates would
likely favour the availability of inorganic N over soluble organic N in soil. The relative
competitive abilities of plants for inorganic versus organic N vary widely (Kielland 1994,
Raab et al. 1999, Falkengren-Grerup et al. 2000, Persson and Nisholm 2001), and
temporal and spatial variation in soil inorganic and soluble organic N concentrations are

also common (Kielland 1995, Lipson et al. 1999, Chapter 2). In Arctic plant
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communities, the spatial or temporal partitioning of organic and inorganic nitrogen

sources among species can reduce competition and promote species diversity (McKane et
al. 2002). This partitioning of N between species would likely be disrupted by a shift in
the balance of inorganic and soluble organic N in Arctic soils as a result of climate
warming.

Despite increases in precipitation, Arctic soils are also expected to become drier
because soil moisture is determined more by temperature (i.e. evapotranspiration) than by
rainfall (Rowntree 1997). Presently, the combination of waterlogged soils and low
temperatures results in slow organic matter decomposition and high soil acidity in many
northern systems (Atkin 1996). Both soil acidity and low temperatures inhibit
nitrification more severely than the ammonification of organic matter and as a result
many northern soils are dominated by ammonium (and free amino acids), with the
exception calcareous soils, which are often dominated by nitrate (Nadelhoffer et al.
1991). Warmer temperatures and drier soils are expected to decrease soil acidity and
increase the availability of nitrate as a proportion of total available N, which would
potentially shift many Arctic systems away from ammonium dominance (Nadelhoffer ez
al. 1992). However, nitrification rates still may remain low in Arctic salt-marshes as a
result of increased rates of evapotranspiration and an increase in soil salinity.

Increases in the rate of nitrogen cycling within ecosystems may occur directly as a
result of the effect of warmer temperatures on microbial activity or indirectly through
warming-induced shifts in plant species composition (Hobbie 1996, Shaver e al. 2001).
With climate warming, the combination of increased rates of N turnover and a shift to

nitrate-dominated soils would favour fast-growing plant species from fertile sites over
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inherently slow-growing species which have fixed, conservative demands for N and a

limited ability to induce nitrate reductase activity under field conditions (Atkin 1996). In
particular, the results of artificial warming experiments indicate that deciduous shrubs
and particularly graminoids tend to be favoured over cryptograms (Cornelissen e al.
2001, Graglia et al. 2001). Changes in cryptogram abundance will have important
consequences for future carbon and nitrogen cycling, since cryptogram litter, is extremely
recalcitrant and has a low potential to mobilize N relative to graminoid litter (Hobbie
1996). In addition, many northern plants that occur naturally on soil enriched in
ammonium, such as ericaceous species and many conifers, show a clear preference for
ammonium over nitrate (Pearson and Stewart 1993). These species do not appear to
suffer from ammonium toxicity, yet they exhibit low rates of nitrate uptake and
accumulation as a result of high rates of nitrate efflux (Kronzucker, Siddigi and Glass
1997, Min et al. 1999). A shift in northern systems away from ammonium dominance
would likely result in the replacement of these species by those better capable of

absorbing and utilizing nitrate.

6.4 Implications of soluble organic uptake for ecosystem N dynamics

Although organic nitrogen uptake by plants may play a pivotal role in terrestrial
nitrogen cycling in some ecosystems (Chapin 1995), studies on plant organic nitrogen
have rarely been extended quantitatively to address the consequences of organic nitrogen
uptake by plants at the ecosystem level. Given that P. phryganodes is a primary forage
species of the lesser snow goose, the dominant salt-marsh herbivore at La Pérouse Bay,

processes that affect its growth are expected to impact the productivity of the entire salt-
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marsh system. This hypothesis was tested with the use of a model to describe the

movement of nitrogen within the salt-marsh system (Chapter 5).

In the model, two response variables were used to describe the growth of plants
and geese respectively: a) net annual primary production and b) net (annual) goose
nitrogen gain. Both variables were highly sensitive to changes in nitrogen fixation
parameters, which regulated the input of nitrogen into the system, and changes in goose
grazing, grubbing, nitrogen retention and survival parameters, all of which regulated the
loss of nitrogen from the system. In contrast, net annual primary production and net
goose nitrogen gain were relatively insensitive to changes in soil turnover and plant
uptake, both of which regulated the internal transport of nitrogen within the system. This
relative insensitivity of the model to internal transport parameters occurred as a result of
changes in nitrogen pool sizes that quickly re-established initial steady-state flows of
nitrogen to plants and geese. For example, if the root organic nitrogen uptake parameter
was decreased, then the pool size of organic nitrogen increased, causing the
mineralization rate to rise. This increased rate of mineralization then increased both the
inorganic nitrogen pool size and the rate of root inorganic nitrogen uptake, which
returned plant production and net goose nitrogen gain to their initial steady-state levels.

Although the model was relatively insensitive to changes in root uptake
parameters, it would be erroneous to infer that root amino acid uptake has a negligible
effect on the productivity of the system. Specifically, if root organic nitrogen uptake was
excluded altogether, the rate of nitrogen mineralization needed to maintain plant
production and net goose nitrogen gain at realistic levels exceeded the range of

mineralization rates that have been measured in the field. Therefore, although the model
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was relatively insensitive to changes in the parameterization of organic nitrogen

uptake, the inclusion of root organic nitrogen uptake in the model was essential to obtain
values of plant primary production and net goose nitrogen gain that were consistent with
the empirically-derived static nitrogen budget (Wilson 1993).

Despite the ability of the model to produce realistic intra-annual variation in
nitrogen pools and steady-state annual fluxes between nitrogen pools, stronger empirical
data are required for describing fixation rates as a function of plant density. Root
nitrogen pool sizes and root turnover and the grazing and grubbing behaviour of geese
also need to be more precisely quantified in order to improve the predictive value of the
model. In addition to obtaining better descriptions of functional relationships already
present in the model, the inclusion of an explicit microbial nitrogen pool would be useful
to explore the consequences of competition between soil microorganisms and plant roots
for organic nitrogen. In the current model, microbial biomass is only modelled indirectly
through its effect on soil nitrogen turnover processes. Regardless of the rate of N
turnover, both soluble organic and inorganic nitrogen are ultimately taken up by plant
roots. This may be approximate to a certain extent to what happens in the field, where
the soil microbial biomass turns over quickly relative to root biomass. However, organic
nitrogen capture by plants can have important consequences for nitrogen retention within
ecosystems, particularly in those systems where inorganic nitrogen deposition is low and
dissolved organic nitrogen comprises a large portion of nitrogen runoff losses (Perakis
and Hedin 2002, Van Breeman 2002). As evident from the empirical data on soil soluble
N concentrations (Bazely 1984, Chapter 2), a large pulse in soluble nitrogen, derived in

part from the lysis of microbial cells, appears to be lost from the system each spring.
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Such losses are not currently incorporated into the model. Root organic nitrogen

uptake may allow plants to co-opt a larger fraction of the total soluble nitrogen pool, such
that less nitrogen is lost from the system as a result of microbial lysis during freeze-thaw
events. Further efforts must be made to identify periods of rapid microbial turnover and
to assess the abilities of plants to capture nitrogen liberated from microorganisms before
it is lost from the system. N runoff losses from ecosystems must also be considered with
respect to global warming and the latter’s probable influence on the timing and frequency

of freeze-thaw events.

6.5 Conclusions

Overall, the results presented in this thesis demonstrate that the availability of
soluble organic N relative to inorganic N is high in salt-marsh soils and that the direct
uptake of organic nitrogen as free amino acids is likely an important contribution to the
growth of the salt-marsh grass P. phryganodes. This is the first study to demonstrate free
amino acid uptake by an Arctic halophyte and one of the first to model the effects of
plant amino acid uptake on N cycling processes at the ecosystem level. Given that the
direct uptake of organic N contributes substantially to plant growth in many Arctic,
alpine and boreal systems, the differential use of organic and inorganic N by different
species may structure plant community composition. Furthermore, perturbations such as
climate change or soil degradation may affect the balance of soluble organic and
inorganic N in soils, which not only affects the growth of primary producers but also may
influence the nutrition and growth of organisms at higher trophic levels. Clearly, the

widespread use of organic N by plants raises many questions that are central to the field
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of ecology and the uptake of organic N must be routinely included in studies of N

dynamics in terrestrial ecosystems (Lipson and Nisholm 2001).
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Appendix 1. Preparation of Hoagland’s solution for hydroponic media
Reagents:
1.0.5 M K,S0,
2. 1 M CaCl,-2H,0
3.1 M KH,PO,
4. 1 M MgS0,-8H,0
5.0.02 M Fe-EDTA
6. 1 M NH,;NO;
Procedure:

1. To obtain 1 L of 10X stock solution, fill 1 L volumetric flask with 600-700 mL of
water and add the following quantities of the above stock solutions:

40 mL K,SO4

40 mL CaCl,-2H,0
20 mL KH,PO4

10 mL MgSO4-8H,0
10 mL Fe-EDTA

80 mL NH4NO;

2. Mix and top up flask to 1 L.

3. Dilute to 0.1X for hydroponic media by diluting 1:100 with clean, fast-flowing river
water.

4. 10X stock can be stored for several weeks by transferring it to clean container and
storing in a cool, dark place.

(modified from Hoagland and Arnon 1950)
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Appendix 2. Uptake of *N-substrates by excised roots
Reagents:
1. 1 M CaCl,-2H,0
2. 1MKCI
3. 10 mM "N-substrates
Procedure:
1. Acid wash all glassware, plastic beakers and trays that will be used in experiment.
2. Dilute 1 M CaCl, stock 1:2000 with deionized water to obtain an appropriate quantity
(3-4 L) of 0.5 mM CaCl,. This will be used as a base solution throughout the experiment.
For salt-marsh plants, 2.922 g L"! NaCl may be added to obtain a final concentration of

50 mM NacCl.

3. Excise roots from plants grown in hydroponic media. Place in small quantity of base
solution.

4. For each replicate, select new, white roots and weigh into a bundle of 180 mg f.w.
Encase loosely in cheesecloth ‘teabag’ closed with a plastic bread clip attached to a
string. Allow roots to equilibrate for 20 min in aerated 0.5 mM CaCl, holding solution at
desired temperature. Save 300-400 mg root material as a control.

5. Place teabags at timed intervals into plastic beakers containing 200 mL 0.5 mM CaCl,
and the desired concentration of ’N-substrate (0.2 mL of 10 mM N stock added to 200

mL should provide 10 pM °N). Solution should be aerated vigourously by immersing a

pasteur pipette attached to an airline.

6. After 20 min of incubation, remove each teabag, rinse breifly in 0.5 mM CaCl, then
immerse in a solution of 0.5 mM CaCl, and 5 mM KCl for 5 min.

7. Spin teabag to remove excess solution, blot on filter paper and remove roots.
8. Dry roots at 60 °C for 3-4 days.

9. Grind roots into fine powder and weigh %pproximately 3 mg at a precision of 1 pg into
3.5 mm X 5 mm tin capsules. Analyse for ""N/'*N using a mass spectrometer.

(modified from Epstein, Schmid and Rains 1963)
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Appendix 3. Total N determination using alkaline persilfate oxidation
Reagents:

1. Prepare oxidizing reagent by dissolving 25 g low-N K,S,03 and 15 g H;BOs in 50 mL
of 3.75 M NaOH and making up volume to 500 mL with deionized water.

Procedure:

1. Pipette 2 mL of soil extract and 2 mL of oxidizing reagent into a glass tube and seal
immediately with a screw cap containing a PTFE liner.

2. Weigh tubes and place in autoclave for 30 min at 120 °C. Reweigh tubes to determine
water loss, if any.

3. Analyze nitrate concentration of solution.

(modified from Cabrera and Beare 1993)
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Appendix 4. °N turnover and uptake by plants in situ

Reagents:

1. 1 mM “N-substrates

2. 2MKCl

3. 0.5 M CaCl,

4. 2.5 M KHSO,

5. MgO

6. 0.14 M NH,C1/2 M KCl
7. Devarda’s alloy

8. 10 M NaOH
Procedure:

1. Collect pairs of soil cores using 7.6 cm diameter X 6 cm deep galvanized steel rings,
then wrap in plastic film and transport back to field laboratory.

2. Inject cores in a 7-point hexagonal pattern with a total of 7 ml of 1 mM N solution
using 15 cm double-sideport spinal syringes. Draw up syringe while injecting to evenly
distribute the solution at all depths of the core.

3. a) Immediately, mix soil from one core and extract a 15 g subsample in 75 ml of
chilled 2 M KCl on ice for 1 h, filter through Whatman GF/A filter paper, then freeze.
Collect a second subsample to determine the fw/dw ratio. Incubate the second core at
soil temperature for 24 hours prior to mixing and extraction.

b) Collect subsamples of plant root and shoot material and rinse 3 times in 0.5 M
CaCl,. Dry plant materials at 60 “C for 3-4 days, grind into fine powder and weigh
aPproximately 3 mg at a precision of 1 pg into 3.5 mm X 5 mm tin capsules. Analyse for
PN/“N in mass spectrometer.

4. To recover NH,4", construct traps by pipetting 5 uM of 2.5 M KHSO, onto 7 mm disks
of N-leached Whatman No. 1 filter paper and by encasing the disks in folded strips of
PTEE thread sealing tape.

5. For each sample, add one trap and 0.2 g MgO to 8 ml of KClI extract and 20 ml of a
0.14 M NH4Cl1 /2 M KCI carrier solution and place in sealed 75 ml plastic specimen
containers.
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6. Diffuse for 6 days and mix solutions daily.

7. Dry traps in a dessicator over H,SO, and analyse for '’N/'“N ratio and N content using
a mass spectrometer.

8. To recover NOs3', first add 0.2 g MgO to open containers and allow NH, to volatilize
for 6 days.

9. Add 0.4 g Devarda’s alloy and an ammonium trap to each container and follow steps 6
and 7.

10. To recover *N-amino acids, add 0.4 g of Devarda’s allosy to alkaline persulfate
oxidations of KCl extracts (Ap?endix 3) to determine total °N (substitute 10 M NaOH
for MgO as a base). Subtract °"NH, and '*NO; from this total to give an estimate of 1°N
amino acid.

11. Include blanks, N standards and diffused and non-diffused '°N standards for all
diffusion analyses.

(modified from Hart et al. 1994 and Stark & Hart 1996)
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Appendix 5. Microbial C and N estimation
using chloroform fumigation extraction

Reagents:

1. 0.5 M K,;SO4

2. ethanol-free chloroform

3. 0.07 M KyCr,0y

4. 98% H,SO4

5. 88% H;PO,

6. 0.01 N Fe(NH4)2(S0O4),*6H,0 in 0.4 M H,SO,
7. 4.7 mM N-phenylanthranilic acid

8. 0.01 M of Na,CO,

Procedure:

1. For each replicate, collect two 70 g subsamples and clear of live plant materials.

2. Immediately extract the first subsample in 140 ml of 0.5 M K,SOj, for 1 h, filter
through Whatman GF/A filter paper, then freeze.

3. Mix the second subsample in a sealed 250 ml glass Schott bottle with 2 ml of ethanol-
free chloroform. Following incubation in the dark at room temperature for 24 h, open the
bottle and allow to evaporate for 30 min, then extract as described above.

4. Measure total extractable N as nitrate following alkaline persulfate oxidation
(Appendix 3). N substrates may be recovered using the NH4* diffusion method
described in Appendix 4.

5. a) To measure extractable C, pipette 1 mL of soil extracts into a boiling tube and
treated with 1 ml of 0.07 M K;Cr,07, 2 ml of 98% H,SOy, and 1 ml of 88% H;PO,.
Calibrate values using a glucose standard.

b) Mix and digest at 150 °C for 30 min.

c¢) After cooling, titrate samples with 0.01 N Fe(NH),(SO4),*6H,0 in 0.4 M H,SO,
using 120 pl of 4.7 mM N-phenylanthranilic acid and 0.01 M of Nay;CO; as an indicator.

(modified from Witt et al. 2000)
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