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Abstract

Interactions between key landscape features in desert ecosystems can influence avian
community assembly. Bird species may use resources provided by shrubs, including as thermal
refuges and as a food source.

Citizen science data, such as eBird, is broadly accessible and has been underutilized in
the study of fine-scale avian populations and distributions. eBird data offers opportunities for
examining avian diversity and abundance across ecological gradients.

Using citizen science data, | tested the hypothesis that shrub density and aridity predict
the abundance and diversity of bird communities throughout the Central California desert. Shrub
density and aridity were important predictors of avian diversity and abundance, but this effect
was not constant across species. eBird data offers promise for testing predictions at fine spatial
scales, but limitations in the quality and availability of data across locations must be taken into

consideration.
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Introduction

Deserts and Drylands

Drylands are broadly classified as ecosystems with low water availability (Safriel et al.
2005). Water availability can be broadly determined by an ecosystem’s ratio of mean annual
precipitation to mean annual potential evaporation and transpiration (evapotranspiration); this
ratio is known as the aridity index (UNEP 1992). A lower aridity index indicates a more water-
limited ecosystem; drylands have an aridity index below 0.65 (Middleton and Thomas 1997). As
such, most dryland ecosystems have a potential mean annual evaporative demand at least 1.5
times greater than mean annual precipitation (Safriel et al. 2005, Hoover et al. 2020). This results
in a very dry climate, with little water stored in the air or soil (UNEP 1992).

More than two billion people live in or rely on dryland ecosystems for resource
production (Safriel et al. 2005, EMG 2011). Drylands cover approximately 41% of the Earth’s
surface (Safriel et al. 2005), and this number is estimated to be increasing (Huang et al. 2016).
Drylands can provide ecological value in many ways. They are primarily used for livestock
grazing (Asner et al. 2004); however, depending on water availability, drylands are also used for
agriculture (Cherlet et al. 2018, Stavi et al. 2022). Dryland agriculture is responsible for 60% of
the world’s food production (UNESCO 2009). Because of their many and varied uses, drylands
have a large economic footprint.

Drylands are useful for carbon sequestration. Vegetation present in drylands can store
carbon in biomass both above and below ground (Hanan et al. 2021). The surface layer of soil is
also able to store carbon (Plaza et al. 2018). Current estimates suggest that drylands are
responsible for the containment of approximately 30% of the world’s carbon (Hanan et al. 2021).

Carbon sequestration is important because it helps to reduce the greenhouse effect. Gases that



would otherwise be present in the Earth’s atmosphere and help to trap the sun’s heat, thus
resulting in atmospheric warming, are instead stored in biomass and in soil (Lal 1999). This
helps to reduce the magnitude of global warming due to less heat being trapped in the Earth’s
atmosphere (IPCC 2022).

Carbon sequestration also helps to maintain soil integrity (Hussain et al. 2021). Water
increases soil mineralization, which in turn results in less carbon being stored in the soil
(Moyano et al. 2012). Wet soil is therefore more likely to lose accumulated carbon than dry soil.
As a result, carbon remains in dryland soil for a longer period than in other, more temperate
environments (Laban et al. 2018, Gifford et al. 1992).

Dryland ecosystems encompass a range of ecosystems. These include grasslands,
savannas, shrublands, woodlands, and both cold and hot deserts (FAO 2011). The common
factor across dryland ecosystems is that total evaporation is greater than total precipitation,
which results in very low water availability in these ecosystems (UNEP 1992). Because these
ecosystems lack water, plant cover and growth are low and soil quality is poor (Naorem et al.
2022); this has led to the incorrect notion that drylands lack ecological importance (White and
Nackoney 2003).

One way in which drylands are ecologically valuable is their relatively high number of
endemic and endangered species (Safriel et al. 2005). Many dryland species are highly adapted
to survive in the more stressful climates found in drylands (IUCN 2017). As a result, drylands
contain species that occupy highly specific niches. However, many of these endemic species are
also vulnerable to habitat loss. Endemic species can quickly become endangered if conservation
efforts are not undertaken to protect their habitats and populations (IPCC 2022). These endemic

and endangered species can include flora such as trees, grasses, shrubs and cacti, and fauna such



as birds, reptiles, and mammals (Safriel et al. 2005). Examples of species that are endemic to
drylands and denoted as threatened or endangered include the Kern mallow, the Bakersfield
cactus, and the San Joaquin kit fox (Germano et al. 2011). These species all have highly specific
habitat requirements; the Kern mallow, for example, grows only in California, often at the base
of a few local shrub species, and usually in locations with less than 25% shrub cover (Williams
et al. 1997). While the presence of so many endemic species makes drylands ecologically
valuable, it also increases the need to protect dryland habitats.

Drylands are vulnerable to both land use change and climate change (IPCC 2022).
Traditionally, many drylands have been used by nomadic and travelling populations (Safriel et
al. 2005). The mobility of these populations can act as an adaptation to changes in rainfall
(Tugjamba et al. 2023). In dry seasons, these populations can move from locations where
precipitation is highly seasonal to areas where precipitation is less seasonally dependent.
Ecosystems are better able to recover from grazing pressures when precipitation is more constant
across seasons (Ganguli and O’Rourke 2022). As land use changes have occurred and
populations have become more static, these ecosystems are unable to recover in times of low
rainfall; this results in dryland degradation and a loss of vegetation cover (Middleton and
Thomas 1997).

A changing climate may increase the frequency and intensity of extreme weather events,
which includes both droughts and floods (Seneviratne et al. 2021). Drylands are also expanding
globally as greenhouse gas emissions increase, which in turn further fuels climate change (Feng
et al. 2022). Ecosystems that are accustomed to consistently low water availability may be
unable to adapt quickly enough to these climactic extremes. Organisms that inhabit extreme

locations have adapted to survive in these conditions; however, adaptations may not occur



rapidly enough relative to the rate of change in both temperature and water supply (Vale and
Brito 2015). As such, understanding both how organisms have adapted in the past to shifting
environmental conditions and how some of these climactic shifts may be mitigated is a necessary
step to help maintain and preserve dryland ecosystems.

Deserts are a subcategory of drylands (Mirzabaev et al. 2022). Specifically, deserts
generally receive less than 10 inches of precipitation per year (Marshak 2009). Deserts can be
classified as either arid or hyper-arid, depending on their aridity index (Mirzabaev et al. 2022).
Deserts can be either hot or cold; both have low mean annual precipitation and are differentiated
by either high or low mean annual temperature (Peel et al. 2007).

Deserts are a rich source of ecological biodiversity. Though deserts do not have high
absolute biodiversity when compared to biodiversity hotspots such as tropical forests, desert
biodiversity is relatively high (Safriel et al. 2005). Because of the harsh surrounding
environment, desert organisms have adapted to survive in stressful conditions (Cloudsley-
Thompson 1993). This results in highly specialized species that are uncommon or unique to one
or few desert locations, or only present in specific niches (Safriel et al. 2005). Deserts also
contain highly productive patches that increase localized biodiversity (Ward 2009) and can
attract migratory species for use as either wintering grounds or as stopovers during migration
(Lavee and Safriel 1974).

Desert ecosystems are constantly adapting to environmental variability, including
fluctuating temperatures and intermittent precipitation (Maliva and Missimer 2012). Most of the
annual precipitation deserts receive is in seasonal resource pulses, usually in summer and winter
(Schwinning and Sala 2004). Due to the lack of water availability, many annual plants undergo

very short lifecycles before spending the following seasonal period as seeds (Polis 2016). While



perennial plant abundances are more stable over time, significant changes to environmental
conditions such as sustained drought will affect these populations as well (Munson et al. 2016).
Animals are reliant on plant populations for a variety of purposes, including as food sources and
for shelter. Any disruption at the bottom of the food chain, therefore, will influence the entire
ecosystem (Scherber et al. 2010).

Furthermore, nighttime and daytime temperatures in deserts can vary widely (Sellers and
Hill 1974). Many desert animals have developed behavioural adaptations, such as hunting or
foraging at night. This helps to reduce their exposure to high daytime temperatures (Louw and
Seely 1982, Walsberg 2000). In plants, many have adapted to minimize water loss, either
through decreased surface area or through variations in photosynthesis (Mulroy and Rundel
1977). However, because these organisms have developed specific adaptations, any unexpected
shift in temperature may affect the effectiveness of these mechanisms.

This thesis focusses on biotic interactions in Californian deserts. There are multiple
deserts located in California (Germano et al. 2011, Hilberg et al. 2016, Randall et al. 2010). The
San Joaquin Desert is in the Central Valley of California (Germano et al. 2011), while the
Mojave Desert is located in the Mojave Basin (Berry et al. 2006). These deserts are of interest
because they have undergone extreme severe and prolonged droughts beginning in the year 2000
(Williams et al. 2022).

These long periods of intense drought are known as megadroughts and may have
profound effects on the survival of desert organisms (Godfree et al. 2019, Kannenberg et al.
2021). These megadroughts, while infrequent, can result in losses of plant cover and potentially

loss of biodiversity and resultant ecosystem collapse (Finger-Higgens et al. 2023).



Understanding how to mitigate the effects of these destructive climactic events is an important
component of understanding how to maintain the health of desert ecosystems over time.

Drylands and deserts are both ecologically and economically valuable (Safriel et al.
2005). They are important sources of biodiversity, and they provide resources for much of the
world’s population. Focusing on understanding the mechanisms and interactions that help drive
ecosystem and landscape stability will be useful in ensuring the continuing success and longevity
of these dryland and desert ecosystems.
Foundation Species

Foundation species are abundant within their local ecosystems (Soulé et al. 2003). These
species are responsible for structuring ecosystems; simply put, they control the biodiversity of
associated species and help to regulate ecosystem processes (Ellison 2019). The interactions
between foundation species and other organisms within the ecosystem are usually non-trophic
(Borst et al. 2018); as such, the types of interactions that occur and involve foundation species
can be positive, negative, or neutral (Stachowicz 2001). In contrast, trophic interactions are
usually positive for one organism and negative for the other (Landi et al. 2018). Because
foundation species are usually involved in non-trophic interactions, these interactions can be
direct or indirect (Ellison 2019). Indirect species interactions are important for ecosystem
stability and may have wide-ranging effects on other organisms within the ecosystem (Danet et
al. 2020).

Foundation species can produce structural changes in an ecosystem (Ellison 2019). These
changes can be due to additional biomass provided, the creation and maintenance of
microclimates, protection against shoreline erosion, and nutrient recycling. Increased biomass

can provide ground cover, which can be used as a habitat and a shelter for other species in the



ecosystem. Douglas fir trees, for example, provide habitats in both live trees and in fallen logs,
and their foliage controls the microclimate and regulates the amount of light that reaches the
forest floor from the forest canopy (Ellison et al. 2005). A key ecological theory is that the
habitat provided by vegetation can enhance local biodiversity (Karr and Roth 1971). An
important factor that distinguishes foundation species from others is their structural effects that
are disproportionately greater than their abundance or the amount of biomass they provide would
suggest. Notably, a reduction in the abundance of a foundation species, such as through forest
logging, will have a disproportionately large effect and will lead to the decline of the local
ecosystem (Ellison 2019).

In desert ecosystems, foundation species are usually shrubs (Lortie et al. 2018). Shrubs
can survive in deserts due to lower water needs and have developed adaptations to manage the
high rates of evapotranspiration present in these climates (Peguero-Pina et al. 2020). As
foundation species, shrubs can create microclimates under their canopies (Lortie et al. 2022).
This microclimate can facilitate the survival of organisms that live underneath or near the shrub
canopy and indirectly benefits organisms that rely on shrub-dependent species (Jankju 2013).
Biotic interactions between foundation species and other species in an ecosystem may help to
buffer the ecosystem from the effects of climate change (Angelini et al. 2011).

In the San Joaquin Desert, a foundation species is the shrub Ephedra californica (Braun
et al. 2021, Lortie et al. 2022), while in the Mojave Desert, two codominant foundation shrub
species are E. californica and Larrea tridentata (Braun et al. 2021). E. californica is a dioecious
shrub that is wind-pollinated. It does not flower every year, and only after a significant rainfall
occurs (Meyer 2008). L. tridentata is a flowering shrub found in the southwestern United States

(Betancourt et al. 1990, Braun and Lortie 2020). It has a low rainfall threshold, and so it flowers



more reliably relative to other desert plants (Barbour et al. 2007). These shrubs can provide both
direct and indirect benefits to other organisms (Lortie et al. 2022, Braun and Lortie 2020,
Newman et al. 2018). E. californica can act as a thermal refuge for species such as the blunt-nose
leopard lizard (Ivey et al. 2020). This shrub also facilitates arthropod communities due to the
increased vegetation present below the shrub canopy (Braun et al. 2021). Its plants have either
pollen or seed cones, of which the seed cones can be used as a food source by rodents and birds
(Meyer 2008). Larrea tridentata provides a habitat for desert tortoises and kangaroo rats, under
which they dig their shelters or make their dens (Baxter 1988, Monson and Kessler 1940). Its
flowers produce both nectar and pollen, making it an important resource for pollinators (Simpson
et al. 1977). It provides a food source for jackrabbits and desert woodrats through its seeds,
foliage, and terminal twigs (Marshall 1995, Hoagland 1992, Meyer 1974). Both of these shrub
species are important foundation species in their local ecosystems.

Foundation shrub species and their effects on local bird populations are not well-studied.
Shrubs can act as thermal refuges for birds, which allow birds to live in hotter environments than
they may otherwise (Carroll et al. 2015). Shrubs can provide a food source for birds through seed
production (Londei 2021). They can provide a nesting habitat for some avian species (Kozma
and Mathews 1997). Birds may use shrubs for perching to survey the surrounding habitat for
resources (Milesi et al. 2008). Shrubs also foster local arthropod communities, which can be used
by birds as a food source (Anderson and Anderson 1946, Maclean 2013). The density of
foundation shrub species may facilitate a shift in the abundance and diversity of birds in an
ecosystem.

Biodiversity and Ecosystem Stability



Ecosystem stability is important both ecologically and economically (Smith 1996). The
stability of an ecosystem will determine how it responds to any environmental shifts (de Bello et
al. 2021). These shifts can include extreme weather events such as heat waves and floods
(Maxwell et al. 2019), or the introduction of invasive species to the ecosystem (Garcia et al.
2022). The ecosystem’s resilience to these shifts will influence the ecosystem’s ability to provide
services and resources (Weise et al. 2020). Examples of ecosystem services include water
purification, resistance to soil erosion, and carbon storage (Lal et al. 2013); these services all
help to maintain the integrity of the ecosystem and are needed by many species, including
humans.

The extent of an ecosystem’s stability and resilience can be determined by its ability to
return to a stable state after a perturbation (Holling 1973). These perturbations can include
drought, abnormal amounts of precipitation, invasive species, or land management decisions
(Mori 2011). If an ecosystem becomes unbalanced due to an external biotic or abiotic shift, the
organisms within the ecosystem may be unable to maintain equilibrium (Montoya and Raffaelli
2010, Spence and Tingley 2020).

Habitat heterogeneity can increase biodiversity (Rotenberry and Weins 1980), which in
turn benefits ecosystem stability. An indicator of ecosystem stability is whether an ecosystem has
experienced a large shift in its characteristics over time, independent of an environmental
perturbation. The occurrence of such a shift can indicate an unstable ecosystem (Gilbert and
Levine 2017). Unstable ecosystems are characterized by a loss of biodiversity (Oliver et al.
2015). Reduced biodiversity, in turn, has implications for human health and may result in more

rapid changes in climate (Keesing et al. 2010, Garcia et al. 2018).



Ecosystem stability is maintained through a network of species interactions (Loreau and
de Mazancourt 2013). A fundamental ecological theory is that plant-animal interactions help to
support ecosystem biodiversity (Peterson et al. 1998). The nature of these interactions can be
positive, negative, or neutral (Garcia-Callejas et al. 2018). There are several types of species
interactions, including trophic, mutualistic, and competitive interactions (Landi et al. 2018). Each
organism involved in an interaction may experience a positive, negative, or neutral effect as a
result of that interaction, and the effect may be different for each organism involved. For
example, a trophic interaction involves an organism feeding on another; this is directly positive
for one organism and negative for the other. However, there may also be indirect effects
occurring; for example, fruit consumption may result in seeds being dispersed in more distant
locations. Further, because those seeds will be far from the original plant, no local resources will
be diverted away from the original plant. This seed dispersal is a positive effect for the plant and
is a neutral effect for the seed dispersing organism.

Interactions can be either symmetric or asymmetric (Landi et al. 2018). Working from the
example above, the bird benefits more from the shrub than the shrub from the bird. The shrub
underwent a negative effect (resources spent on seeds that got eaten) and a positive effect (seed
dispersal), while the bird underwent a positive effect (energy from the seed) and a neutral effect
(seed dispersal). Due to the nature of trophic interactions, not all interactions in an ecosystem
will be symmetric. However, a stable ecosystem will remain in balance after accounting for these
asymmetric interactions. A balanced ecosystem should be in equilibrium after accounting for the
sum of the interactions occurring (Tschirhart 2000); this will allow the ecosystem to remain in a

stable state over time.
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Desert ecosystems are maintained through a network of biological interactions
(Stachowicz 2001, Filazzola et al. 2017). The nature of these interactions can change as shifts in
environmental stress occur (He at al. 2013) and may result in either more competition or
facilitation (Miriti 2006). Examples of environmental stress in deserts are fluctuations in
temperature and changes in water availability (Mirzabaev et al. 2022). Large or sudden changes
in temperature or in the amount of water available can cause the collapse of local populations
(Cruz-McDonnell and Wolf 2016). Another factor that can influence ecosystem stability is the
presence of cattle in dryland ecosystems. Cattle have grazed on the Carrizo Plain for over a
century. However, native California grassland species are less resilient to grazing pressures than
other invasive grassland species (Kimball and Schiffman 2003). In desert ecosystems, this
consistent grazing pressure has resulted in reduced biodiversity and a reduction in ecosystem
resilience (Pelliza et al. 2020).

Birds: Indicator Species, Diversity, Functions

Birds are an integral part of many ecosystems. They can provide key functions to other
plants and animals, including pollination, seed dispersal, insect control, scavenging, and
ecosystem engineering (Whelan et al. 2008). Furthermore, most birds are more readily able to
take advantage of irregular resource availability due to their ability to fly (Newton 2008). This
mobility allows birds to access more resource-dense areas, rather than exhaust a single
ecosystem’s resources. This flexibility also improves birds’ odds of survival in years with low
resource availability resulting from environmental events such as droughts. As such, bird
populations can be more dynamic with regards to habitat location and resource selection, while

their overall populations can remain more stable (Catano et al. 2020).

11



Birds are more mobile than other species, and so they can respond quickly to any shifts in
ecosystem health (Smits and Fernie 2013). Significant changes in local bird abundances may
therefore help to alert of any ecosystem disruptions. If an ecosystem’s resource availability
changes, such as through increased food availability or a decrease in nesting locations, the local
bird population will also shift accordingly (Li et al. 2022). Bird populations may not change
evenly across species, as species will respond to disturbances differently (Scheele et al. 2017).
Birds can be easily observed due to their size, abundance, and calls. Because of this, birds are
often used as indicator species (Mekonen 2017). Which species are used as indicator species will
vary based on location. Not all species present in a location may be useful or necessary as
indicator species; instead, a smaller selection of species that encompasses all ecosystem niches
may be sufficiently informative (Butler et al. 2012). Examples of bird species that are considered
indicator species are Eurasian blackcaps, Blackbirds (Morelli et al. 2021), and Cactus wrens
(Preston et al. 2022).

California is a major migratory hotspot, both for stopovers and as a wintering ground for
many bird species (Carlisle et al. 2009, DelLuca et al. 2021). Because of this, bird populations
and diversity fluctuate throughout the year (Norris and Mara 2007). Resource availability is an
important determinant in stopover and wintering location selection (Throup et al. 2017) but it is
not known to what extent shrub density and aridity affect bird diversity and abundance.

Citizen Science Data and eBird

Citizen science describes scientific work conducted by members of the general public (de
Sherbinin et al. 2021). One of the most significant benefits of citizen science is its accessibility
(NASEM 2018, Allf et al. 2022). While citizen science helps increase the accessibility of data

collection and ease of access to data, it is difficult to use the data directly due to a lack of
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standardization in data collection (Lukyanenko et al. 2016). While some data collection protocols
can be implemented to help reduce this variability, the open-ended style of data collection does
result in a large amount of unaccounted variation in the available data (Mair and Ruete 2016).
Some key issues are a lack of repeatability and a lack of a baseline in observer experience, which
can produce errors such as double counting and misidentification (McCaffrey 2005). However,
the cost to citizens and researchers to produce and use this data is minimal and has the potential
to provide data on a massive scale (Bonney et al. 2009).

Citizen science data is often incomplete or lacks independence; in particular, sampling
efforts are inconsistent and lack replication, which makes deriving statistically significant results
from the data challenging (Kamp et al. 2016). While some statistical models have been used to
help account for some of these confounding factors, there remains an inherent difficulty in using
these data (Walker and Taylor 2020).

eBird is a repository for bird observation data collected through citizen science (eBird
2021). An observer can input their location anywhere in the world, and in turn receives a
checklist containing all species that have been observed at that location (LaSorte and Somveille
2019, eBird 2021). The observer is also assigned a number and can include notes about their trip
when uploading the checklist. Researchers can access this database, which began recording data
in 2002 (Wood et al. 2011, eBird 2021). eBird data is also available through database
aggregators, such as GBIF (Amano et al. 2016). eBird data has been used to study regional and
global trends in avian abundance and diversity (Bianchini and Tozer 2023). While eBird shows
promise for determining trends at smaller spatial scales (Callaghan and Gawlik 2015), it has not

yet been widely utilized for this purpose.
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Research Objectives

The objective was to examine whether shrub density and aridity influence the diversity and
abundance of avian communities. The primary objective was to test the hypothesis that the
foundation shrubs Ephedra californica and Larrea tridentata are important predictors of bird
abundance and diversity in desert ecosystems. The following predictions were examined:

1. Shrub density is relatively more important to birds in more arid sites than in less arid sites
because the need for thermal refuges increases as aridity increases. In very arid sites there
will be a greater increase in bird abundance/diversity as shrub density increases because
thermal refuges can help to mitigate the effects of very arid climates.

2. Shrub density will vary in importance to birds depending on their use of shrubs. Bird taxa
that directly benefit from shrubs (seed-eating granivores, raptors that use shrubs for
perches) will show a strong relationship between abundance/diversity and shrub density.
Bird taxa that do not directly benefit from shrubs will not show a similarly strong
relationship between abundance and diversity and shrub density.

3. Shrub density is more important to birds in the winter because the presence of migratory
birds will increase total bird abundance, which will in turn increase demand for
resources. Resources provided by shrubs will become more important as demand for
resources increases.

| predict that avian abundance will increase as shrub density increases, and that this increase

will be relatively greater at high aridity levels (more arid sites) than at low aridity levels (less

arid sites). | predict that when shrub density is high, there will be a greater abundance of
birds belonging to functional groups that rely heavily on shrubs compared to bird species that

rely less on shrubs. I predict that bird abundance will be greater in the winter, and that as
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shrub density increases, a greater number of birds will rely on shrubs in the winter than in the

summer. These predictions are illustrated below (Figure 1).
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Relationship between Shrub Density and Bird Counts
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Figure 1. The predicted associations between avian communities and shrubs by local aridity.
Overall avian abundances are estimated to be greater in the winter season than in the summer
season. Avian abundances are estimated to be greater when the aridity level is higher when sites
have greater shrub density. The relative importance of shrub density will be greater in the winter
than in the summer. Different species will use and rely on shrubs differently, and so the relative
importance of shrub density will vary by species.
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Answering the above ecological questions over large spatial scales requires multi-year
data on bird diversity and abundance, which was not feasible to acquire through direct field
surveys as this would have required extensive field work and human resources. In addition,
travel to California was not possible due to the covid pandemic. This study set out to use publicly
available citizen science data, specifically eBird, to obtain the bird data at the study site level
with which to test the predictions. eBird data have been used extensively on large spatial scales
to predict how a species’ abundance, or bird diversity overall, will vary with climate and
environmental variables over large geographical areas, but has rarely been used to estimate bird
data for pre-defined study sites (Callaghan and Gawlik 2015). Thus, my other research objective
was to evaluate (i) the extent to which eBird can provide good quality bird survey data at the site
level and therefore (ii) the extent to which eBird can be a tool for answering site-level ecological

guestions.
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Methods

Study Sites

Study sites were located throughout the Central California desert (Fig. 1). Sites were
primarily located in either the San Joaquin Desert or the Mojave Desert. Due to the distribution
of the sites, several were located either within or adjacent to the Mojave National Preserve,
Death Valley National Park, or the Carrizo Plain National Monument. Other site locations
included those either by or within the Semitropic Ecological Reserve and the Panoche Hills
Ecological Reserve.

The Mojave National Preserve was established in 1994. It covers an area of 6,474km”2
and is located primarily within the Mojave Desert; however, it also covers some of the Great
Basin and Sonoran Deserts. It is governed by the National Park Service. It contains basin and
range topography, which is characterized by a pattern of mountains and flatlands; geographical
features such as lava beds, sand dunes, and cinder cones are also present. Its elevation varies
from between 270m to 2,417m. Annual precipitation ranges from 86mm to 230mm, and
temperatures can exceed 41 °C. Its status as a national preserve ensures that development will
not occur within the borders, though some resource-extractive activities such as hunting and
mining are permitted (National Park Service 2013).

Death Valley National Park was established in 1994 and is located between the Great
Basin and Mojave Deserts. It is characterized by basin and range topography, with an elevation
that ranges from -86m in the Badwater Basin to 4,421m at Mount Whitney. It is governed by the
National Park Service. It covers an area of 13,757.167 km”2, of which close to 92% is
designated wilderness and thus contains no roads. Its annual precipitation ranges from 49mm to

380mm; higher elevations receive a greater amount of precipitation, while the Badwater Basin

18



receives the least. Its status as a national park ensures that both development and resource-
extractive activities are not permitted (National Park Service 2017).

The Carrizo Plain National Monument is governed by the United States Bureau of Land
Management, the California Department of Fish and Game, and The Nature Conservancy. It was
established in 2001 and spans an area of 836.22km”2. It contains part of the Carrizo Plain, the
largest single native grassland in California. It is also the largest protected habitat along the
Pacific Flyway, a migratory route for birds (The Nature Conservancy 2023). Its status as a
national monument allows for resource-extractive activities such as grazing, though development
is not permitted. It is characterized by series of mountain ranges and valleys and contains
features such as the San Andreas Fault as well as Soda Lake, an alkaline lake (Bureau of Land
Management 2010).

The Semitropic Ecological Reserve spans approximately 60km”2 and is located in Kern
County, California. It was established by the California Fish and Game Commission in 2007, as
a way to offset habitat loss in the San Joaquin Valley. It contains several sensitive species. It is
currently managed passively as natural lands; thus, the land is unable to be used for purposes
other than wildlife habitat (CDFW 2023).

The Panoche Hills Ecological Reserve covers an area of 2.4km”2 and is located in Fresno
County, California. It is primarily a shrub grassland. The California Fish and Game Commission
established the reserve in 1990. The goal in establishing the reserve was twofold: to acquire a
section of private land located within federal land boundaries, and to allow public access to
federal lands via the purchased lands. Hunting is permitted within the reserve (CDFW 2023).

I had access to shrub and climate data for 43 sites. The area of each site was determined

by creating spatial polygons using the site perimeters; these polygons were generated using
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Google Earth satellite imagery (Zuliani and Lortie 2022). Shrub count data were collected using
satellite imagery via Google Earth and geolocating each shrub within the boundaries of the site
polygons (Zuliani and Lortie 2022). Satellite images used for geolocation were dated between
2019-2021. Shrub density was then calculated by dividing the number of shrubs by the site area
and converted to shrubs per square metre.

| took the centroid of each site polygon and added a 10km buffer around the centroid of
each site. | chose to use a 10km buffer because this yielded a greater number of bird
observations. Adding these buffers helped to account for differences in size and area between
sites that were present in the site polygons. The shrub sites are not necessarily in locations that
are accessible to birdwatchers, such as off of main roads (Zuliani and Lortie 2022, Cooke et al.
2019) or on property that was since privately sold; as a result, some of the sites had no bird
observations recorded within the original site area (Hillier-Weltman et al. 2023). Since birds are
not static and may both utilize the shrubs within the site polygon as well as venture beyond those
borders when foraging or nesting, adding buffers to the sites is unlikely to significantly influence
the true diversity and abundance of bird observations in that location (Rechetelo et al. 2016).
Further, adding a buffer helps to account for the lack of precision that can occur while
birdwatching; for example, if an observer sees a bird flying, determining the exact geolocation of
that bird is unlikely (Johnston et al. 2020). In this case, the buffer may provide more accurate
data by accounting for the variance in skill between observers (Kelling et al. 2015). Finally, since
microclimates are unlikely to change in a small area such as that used for the buffered sites, bird
populations are unlikely to vary significantly between the true site area and the buffered sites
(Barnagaud et al. 2012). Adding a buffer does allow for a greater range of topographical features

to be included, such as nearby hills and mountains, which may influence bird habitats (Iknayan
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and Beissinger 2018, Anderle et al. 2022). However, as the overall size of the buffered sites is
small, any effect of shrub density or aridity on birds is unlikely to change significantly due to the
buffer.

As some sites are located near others, and in some cases are adjacent to other sites, |
selected sites in part based on the amount of overlap between sites. Any site that overlapped
more than 25% after buffering was removed from the dataset in order to minimize duplicate
observations.
eBird Data

| used bird observation data from eBird (eBird Basic Dataset 2022). This is an open-
source database that contains semi-structured bird observation data. | used the R package auk to
filter the dataset down to only include observations that occurred within a polygon encompassing
all sites within California, and to only include complete checklists (eBird Basic Dataset 2013).
Checklists are filled out by observers when they go to eBird to record their observations, and a
checklist is a list that includes all of the species that might be observed at a given location. A
complete checklist is when an observer notes that they included all birds they observed- from
this, we can derive pseudoabsence data- it’s implied that the observer did not see the other
species on the list. | zero-filled the checklists to create presence-absence data for all checklists
using the auk_zerofill function. From there, | spatially joined the observation data to the buffered
sites. To ensure no duplicates were present in the dataset, | used the st_difference function in the
sf package in R (Pebesma 2018).

To account for uneven sampling efforts between sites but ensure an adequate sample size,
| filtered out sites that had fewer than 6 checklists per season per year. In cases of multiple sites

that overlapped, I selected whichever site had the largest number of eBird checklists. These two

21



steps yielded 10 sites with the required number of checklists. | chose to use fewer years of data
to try and avoid confounding effects like drought (Dong et al. 2019). | also selected sites to
ensure an even distribution of microclimates across the aridity gradient. | defined seasons by
time of year in an effort to encompass shifts in bird populations due to migratory species (Eyres
et al. 2020, Somveille et al. 2013). | defined the summer season as occurring between March and
August and the winter season as occurring between September and February (Lack 1968). | then
further filtered the data to 10 surveyors or less, durations of 5 hours or less, travel distances of
85km or less, and to protocol types “stationary” and “traveling” (Feng and Che-Castaldo 2021);
this minimized the variation between checklists due to differences in sampling method (Strimas-
Mackey et al. 2020, Bianchini and Tozer 2023). All of these filters also help reduce the
likelihood of including double counts of birds (Stoudt et al. 2022). | removed any observations
that were non-numeric. | also removed any observations that occurred for a duration of one
minute or less; this allowed me to later add in log time as an effort variable. | removed any
checkilist that only contained a count for a single species, as this can indicate a targeted search;
the checklist may therefore be inaccurately labelled as complete (Walker and Taylor 2017). The
final dataset contained observation data from ten sites located across the Central California
desert, from the years 2018-2021.
Aridity Indices

The aridity index is a measure of dryness- that is, the difference between precipitation
and evapotranspiration in a given location (Barrow 1992). To determine aridity, | used
precipitation and evapotranspiration data from TerraClimate. This dataset contains monthly
precipitation and evapotranspiration data for global terrestrial surfaces at an approximately 4km

spatial resolution (Abatzoglou et al. 2018). The data are updated annually and date back to 1958.
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I collected this aridity data using a bounding box that contained all of the site locations. |
calculated mean annual values of precipitation and evapotranspiration for every data point within
the bounding box. To calculate the aridity indices, | divided the mean annual precipitation value
by the mean annual evapotranspiration value for each point within the bounding box. I spatially
joined the aridity dataframe to the sites dataframe using the sf package in R (Pebesma 2018). |
removed any point that did not fall within a site boundary; for those sites that contained multiple
aridity data points, | calculated the average aridity index across these points and used that mean
value as the site’s aridity index value. Aridity is a long-term climactic feature (IPCC 2022), and
so | did not consider site-specific aridity on an annual basis. Instead, | averaged the aridity
indices across years for each site to produce one average value per site. The product was a
dataframe that contained one average aridity index per site.

Sampling Effort and Bias

Bias from sampling efforts is introduced by observer effort when producing estimates of
relative abundance and diversity (Zhang 2020, Strimas-Mackey et al. 2020). At the checklist
level, | divided each total number of birds observed per checklist by the duration in minutes of
that checklist; 1 used this when determining avian abundance. I then averaged this rate for all
checkilists across each site by dividing the overall rate by the number of checklists collected for
that site. When applicable, | produced a seasonal rate by grouping site checklists by season. The
result for bird abundance after accounting for sampling effort was a rate of birds observed per
minute per checklist per site, which | then used as a proxy for relative abundance.

Bird Species Diversity
To calculate bird diversity, I took the number of species observed on a checklist and

divided that by the total number of species known to occur at that site. The total number of
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species known to occur at a site does not take season into consideration and is based off of
observer data (Sullivan et al. 2014). The number of species observed per checklist and divided
by the number of known species in that site yielded a proportion of species observed for each
checklist. I divided this proportion by the log of the checklist duration in minutes. | used log
minutes because observations of species increase logarithmically, not linearly (Verberk 2011). 1
averaged this rate for all checklists across each site by dividing the total rate of species observed
over time by the number of checklists collected for that site. When applicable, | produced a
seasonal rate of species observed over time by grouping site checklists by season. The result for
bird diversity after accounting for sampling effort was a rate of proportion of species observed
per minute per checklist per site. | used this rate of species observed as a proxy for relative
diversity.

| used the Shannon index as a further measure of diversity. The Shannon index uses the
number of species and the proportion each species is of the number of individuals when
computing an index value (Nolan and Callahan 2006). I divided all observation counts by the log
time of its checklist to account for observer sampling effort. | computed the diversity index value
for each checklist and then calculated an average index value for each site. This method took
both species proportion and relative abundance into account and so provided another method to
determine species diversity.
Statistical Analyses

The data did not meet the assumptions of a normal distribution and variance. | used a
Kruskal-Wallis test to determine if there was a significant difference in relative bird abundances
between species. | used Dunn’s test to compare the species to determine which differed from

each other. | used generalized linear models with a Gaussian distribution to determine if shrub
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density or aridity was a significant predictor of bird relative abundance for each species. | used
generalized linear models with a quasibinomial distribution to determine if shrub density or
aridity was a significant predictor in bird diversity. | used generalized linear models with a
quasipoisson distribution to determine if shrub density or aridity was a significant predictor in
diversity as measured by the Shannon index.

| modeled the effects of aridity and shrub density on avian abundance and diversity using
the ggplot2 package in R (Wickham 2016). | added trend lines using the stat_smooth function.

These helped to visualize the overall trends occurring within the data.
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Figure 2. Map of desert sites. Sites indicated by blue circles were retained and sampled, while
those indicated with red circles were excluded from the dataset.
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Table 1. Aridity index values and climate classification. Drylands are defined by the United
Nations Environment Program as tropical and temperate areas with an aridity index of less than

0.65 (UNEP 1992).

Aridity index (Al) values

Climate classification

Al <0.05 Hyper-arid
0.05<AlI<0.2 Arid
0.2<AlI<05 Semi-arid
0.5<AI<0.65 Dry sub-humid
0.65 <Al <0.75 Humid
Al >0.75 Hyper-humid
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Results

Evaluation of e-Bird data by Site

Sampling effort varied between sites. Some sites were more heavily sampled overall, and
sites were sampled differently in summer and winter (Fig. 3). The cumulative number of species
observed also varied between sites. Number of species observed within a site will increase as
sampling effort increases (Bean et al. 2012, Shen et al. 2023); as a result, the total number of
species that may be present in a site is not fully reflected in the eBird data. As sampling effort
increases, the cumulative number of species present is expected to level off, as is seen with
species accumulation curves (Kelling et al. 2015).

The maximum possible number of observable species varied between sites' checklists.
Using the proportion of species observed, rather than the total number of species, helped to
account for this disparity (Fig. 4). Taking the mean proportion across checklists and within a site
helps account for the sampling effect discussed above- namely, that more checklists will increase
the number of species observed within a site. Overall, the mean proportion of species observed
within sites was fairly constant across years and seasons. Of note is that the mean proportion of
species observed was very low, with between 0-1% of species observed. This may indicate that
the overall amount and quality of data available is low due to low overall sampling effort.

Bird abundance was calculated as a rate of birds observed per minute per checklist and
averaged for sites and seasons. This helps to control for sampling effort, since cumulative
observation counts increase with survey duration and number of checklists (Callaghan et al.
2019). Bird abundance varies substantially both between sites and within sites and across seasons
(Fig. 5). Some sites have twice as many birds encountered per minute during eBird surveys than

other sites.
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Bird abundance also varied greatly among common species. Common species were
present across all of the sampled sites and were also relatively abundant across sites. The species
used were selected based on their likelihood of shrub interactions, in addition to being common
across all sites. The most common and abundant species were Zonotrichia leucophrys, Passer
domesticus, and Agelaius tricolor (Table 2, Fig. 6). All of these species are likely to be shrub
dependent and are common across seasons (Meese 2017, Porzig et al. 2018, Hanson et al. 2020).

The Shannon Index is a measure of species diversity (Shannon 1948). The Shannon index
was calculated for each checklist and averaged across all checklists within each site (Fig. 7). This
plot takes the checklist duration into account. Shannon index values show low-to-moderate

species diversity across sites.
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Cumulative Number of Checklists and Species per Site
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Figure 3. Cumulative number of checklists and species by site and by season. Number of
checklists is associated with sampling effort in each site. Sampling effort is uneven across sites.
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Proportion of Species per Site
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Figure 4. Mean proportion of species observed per log minute per site by season per year. The
proportion of species is the number of species observed relative to the number of species
expected to be in the area, according to eBird. The mean proportion is an average for each site.
The total number of species expected to be in the area varies per site. This plot accounts for the

total number of checklists per site and the time spent observing. Overall, the mean proportion of

species observed was very low and ranged from approximately 0-1%.
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Mean Relative Bird Abundance per Site
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Figure 5. Mean relative number of birds observed per site by season. The mean rate of the

number of birds per minute per checklist per site is used as a proxy for relative bird abundance.
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Top Two Bird Species Across Sites per Season
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Figure 6. Cumulative abundance of top two bird species per site per season, across all checklists
per site. The most common species across sites were Zonotrichia leucophrys, Passer domesticus,
and Agelaius tricolor.
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Table 2. List of bird species that were one of the top two most abundant species at each site
across all checklists during summer or winter. See Fig. 6 for abundance values. Species selected
for testing predictions are in bold; these were abundant and present in the greatest number of

sites.

Species

Summer

Winter

Agelaius phoeniceus

Avenal, Semitropic

Agelaius tricolor

Antelope Valley, Cuyama 1,
Panoche 1, Panoche-
Silvercreek

Cuyama 1, Panoche-
Silvercreek

Anthus rubescens

Carrizo 1

Callipepla gambelii

Tecopa-open

Columba livia

Semitropic

Eremophila alpestris

Antelope Valley, Carrizo 1,
Mojave 1

Euphagus cyanocephalus

Panoche 1, Panoche
Silvercreek

Avenal

Fulica americana

Semitropic

Haemorhous mexicanus

Panoche-Silvercreek

Antelope Valley

Larus delawarensis

Tecopa-open

Oxyura jamaicensis

Semitropic

Passer domesticus

Avenal, Kelso 5, Mojave 1

Kelso 5

Setophaga coronata Kelso 5 Tecopa-open
Streptopelia decaocto Mojave 1 Kelso 5, Mojave 1
Sturnus vulgaris Cuyama 1, Avenal, Cuyama 1

Zonotrichia leucophrys

Antelope Valley, Carrizo 1

Carrizo 1, Panoche 1,
Panoche-Silvercreek, Tecopa-
open
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Mean Shannon Diversity Indices
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Figure 7. Mean Shannon Diversity Index values per site. The Shannon index, a measure of
diversity, was calculated for each checklist and averaged per site. This plot does take duration of
checklist into account; specifically, observation counts were divided by log time before
calculating Shannon index values.
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Results: Effects of aridity and shrub density on avian abundance and diversity

| tested (1) if highly arid sites have a lower abundance of birds and (2) if sites with high
shrub density have a higher abundance of birds. For both tests | examined if there was an
interaction effect between aridity and shrub density, as shrub density was predicted to have a
stronger influence on birds in arid sites. | also tested if there was a seasonal effect on avian
diversity or abundance. Species used for testing predictions are Zonotrichia leucophrys, Passer
domesticus, and Agelaius tricolor. These species are all granivores, and so they are likely to

benefit from shrubs as a seed source.

| compared the aridity index and the mean rate of bird observations by site and by season for
these three common species (Fig. 8). | found that aridity was a significant predictor of relative
abundance for Zonotrichia leucophrys and Agelaius tricolor (Table 5, 7). As aridity decreased
(i.e., as sites became more arid), the relative abundance of these species increased.

Next, | compared shrub density and the mean rate of bird observations, for each of the three
common bird species and by season (Fig. 9). Shrub density was taken as the number of shrubs
per square meter within each site. Bird observation counts were grouped by species, site code,
and season. The mean rate of bird observations was measured by calculating the number of birds
of each species and dividing by time and by number of checklists. Each point represents the
relative number of birds of a given site. | found that shrub density was a significant predictor of
Zonotrichia leucophrys and Agelaius tricolor abundance (Table 5,7). As shrub density decreased,
the relative abundance of these species increased. Shrub density alone therefore appears to have

a negative effect on avian relative abundance.
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| found that there was no effect of season on the relative abundance of any of the common
species tested. Shrub density is therefore unlikely to be more important to birds in the winter.

| tested the effect of the interaction between shrub density and aridity on avian relative
abundance for the three common species. | found that there was an interaction effect between
these variables and the relative abundance of both Zonotrichia leucophrys and Agelaius tricolor
(Table 5, 7). Because the interaction term was significant and positive while both aridity and
shrub density alone were significant and negative, these two variables may be counteracting each
other. Bird relative abundance may be greatest at neither extreme end of these variables. Shrub

density may therefore be more important to bird abundance in more arid sites.

| tested if aridity or shrub density influenced bird diversity by examining (1) the proportion
of species observed out of all species considered possible in the area by eBird (Fig. 10, 11) and
(2) species diversity as measured by the Shannon Index (Fig. 12, 13). The proportion of species
was calculated by dividing the number of species observed in each checklist by the total number
of species listed on that checklist by the eBird app. The mean proportion is the average for each
site. The total number of species per checklist varies based on location and season. This plot
accounts for number of checklists within sites as well as time spent observing; the response
variable is a rate of species observed.

| tested to see if aridity influenced the proportion of species observed within a site (Fig. 11).
The proportion of species was calculated by dividing the number of species observed in each
checklist by the total number of species listed on that checklist. The mean proportion is the
average for each site. The total number of species per checklist varies based on location and

season. This plot accounts for number of checklists within sites but not time spent observing. |
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found that aridity was a significant predictor of species proportion (Table 3). As the aridity index
increases (i.e., a site becomes less arid), the proportion of species increases.

Shrub density also has a positive effect on the proportion of species observed (Table 3). As
shrub density increases, the proportion of species present also increases. This indicates that shrub
density is an important predictor of bird diversity.

The interaction of shrub density and aridity was also significant (Table 3). The combined
effect of shrub density and aridity had a negative effect on species proportion. Because the
interaction term was significant and negative while both aridity and shrub density alone were
significant and positive, these two variables may be influencing each other. The proportion of
species present may be greatest when shrub density and aridity are either very high or very low.
Shrub density may therefore be more important to bird diversity in very arid (low aridity index)
locations, but it may become less important for bird diversity as sites become less arid.

| found that season had no significant effect on species proportion, which indicates that shrub

density is not more important for bird species diversity in the winter than in the summer.

| tested the effect of aridity on species diversity (Fig. 12). A lower aridity index value
indicates a drier, more arid site. The Shannon index, a measure of diversity, was calculated for
each checklist and averaged per site. This plot does take duration of checklist into account.
Aridity was a significant predictor of the mean Shannon diversity index (Table 4). As the aridity
index increases (i.e., a site becomes less arid), the mean Shannon index increases. Shrub density
also has a positive effect on avian diversity (Table 4). As shrub density increases, the mean
Shannon index increases (Fig. 13). The interaction of shrub density and aridity was also

significant (Table 4). This indicates that as both shrub density and aridity increase, bird species
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diversity also increases. The Shannon index is negatively biased at small sample sizes (Mouillot
and Leprétre 1999), which may account for the difference in directionality between these results
and those obtained using species proportion as a measure of diversity. Season was also a
significant predictor of species diversity (Table 4), with less avian diversity seen in the winter

than in the summer.
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Aridity and Mean Rate of Bird Observations
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Figure 8. Aridity index and the mean rate of bird observations, per species and by season. The
aridity index is a function of precipitation and evapotranspiration, and so a lower index value
indicates a drier site location. Bird observation counts were grouped by species, site code, and
season. The mean rate of bird observations was measured by calculating the number of birds of
each species and dividing by time and by number of checklists. Each point represents the relative
number of birds of a given site. Species used for testing predictions are Zonotrichia leucophrys,
Passer domesticus, and Agelaius tricolor. Aridity was a significant predictor of Zonotrichia
leucophrys and Agelaius tricolor abundance (Table 5, 7).
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Figure 9. Shrub density and the mean rate of bird observations, per species and by season. Shrub
density was taken as the number of shrubs per square meter within each site. Bird observation
counts were grouped by species, site code, and season. The mean rate of bird observations was
measured by calculating the number of birds of each species and dividing by time and by number
of checklists. Each point represents the relative number of birds of a given site. Species used for
testing predictions are Zonotrichia leucophrys, Passer domesticus, and Agelaius tricolor. | found
that shrub density was a significant predictor of Zonotrichia leucophrys and Agelaius tricolor
abundance (Table 5, 7).
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Table 3. The relationship between proportion of species and shrub density, aridity, and the
interaction of shrub density and aridity. Season was not found to be a significant predictor of
species proportion. R"2 = 0.240.

Term Estimate Standard Statistic (t | P-value (Pr(>[t]))
Error value)

Intercept -5.354 0.014 -365.427 | < 2e-16 ***

Aridity_index 1.244 0.0827 15.038 < 2e-16 ***

Shrubs_m2 13.661 0.603 22.645 < 2e-16 ***

Season 0.0120 0.00771 1.567 0.117

Aridity_index*shrubs_m2 |-31.772 9.565 -3.322 0.000906 ***
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Table 4. The relationship between the mean Shannon index and shrub density, aridity, season,

and the interaction of shrub density and aridity. R*2 = 0.576.

Term Estimate Standard Statistic (t P-value
Error value) (Pr(>|t))
Intercept 0.262 0.000454 577.14 < 2e-16 ***
Aridity_index 1.027 0.00278 369.07 < 2e-16 ***
Shrubs_m?2 13.915 0.0190 732.41 < 2e-16 ***
Season -0.0234 0.000189 -123.37 <2e-16 ***
Aridity_index*shrubs m2 |9.605 0.334 28.72 0.000906 ***

43




Table 5. The relationship between Zonotrichia leucophrys abundance and shrub density, aridity,
season, and the interaction of shrub density and aridity. Season was not found to be a significant

predictor of relative abundance. R"2 = 0.322.

Term Estimate Standard Statistic (t P-value
Error value) (Pr(>It]))
Intercept 0.0174 0.00505 3.453 0.000915 ***
Aridity_index -0.111 0.0306 -3.637 0.000504 ***
Shrubs_m2 -1.088 0.218 -4.981 3.94e-06 ***
Season 0.00367 0.00311 1.180 0.242
Aridity_index*shrubs_ m2 |17.915 3.212 5.576 3.70e-07 ***
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Table 6. The relationship between Passer domesticus abundance and shrub density, aridity, and
the interaction of shrub density and aridity. Shrub density, season, and aridity index were not
found to be significant predictors of relative abundance. R*2 = 0.0855.

Term Estimate Standard Statistic (t P-value
Error value) (Pr(>t])

Intercept 0.0131 0.00358 3.654 0.000475 ***

Aridity_index -0.0349 0.0217 -1.605 0.113

Shrubs_m2 -0.106 0.155 -0.687 0.494

Season -0.00239 0.00221 -1.080 0.283

Aridity_index*shrubs_m2 |-0.0558 2.283 -0.024 0.980
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Table 7. The relationship between Agelaius tricolor abundance and shrub density, aridity, and
the interaction of shrub density and aridity. Season was not found to be a significant predictor of
relative abundance. R*2 = 0.197.

Term Estimate Standard Statistic (t P-value
Error value) (Pr(>t])
Intercept 0.0738 0.0452 1.632 0.107
Aridity_index -0.629 0.274 -2.296 0.0245 *
Shrubs_m2 -5.521 1.956 -2.822 0.00611 **
Season -0.0410 0.0279 -1.472 0.145
Aridity_index*shrubs_m2 |113.208 28.780 3.934 0.000185 ***
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Shrub Density and Proportion of Species Observed
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Figure 10. Shrub density and proportion of species observed. Shrub density values are specific to
each site. The proportion of species was calculated by dividing the number of species observed
in each checklist by the total number of species listed on that checklist and by the log time of
checklist duration in minutes. The mean proportion is the average for each site, with standard
error shown. The total number of species per checklist varies based on location and season.
Shrub density has a positive effect on the proportion of species observed (Table 3).
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Aridity and Proportion of Species Observed
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Figure 11. Aridity and proportion of species observed. Aridity was a significant predictor of the
proportion of species observed (Table 3). Higher aridity index value indicates a less arid site.
The proportion of species was calculated by dividing the number of species observed in each

checklist by the total number of species listed on that checklist and by the log time of checklist

duration in minutes. The mean proportion is the average for each site, with standard error shown.

The total number of species per checklist varies based on location and season.
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Aridity and Bird Species Diversity
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Figure 12. Aridity indices and mean Shannon diversity indices. Lower aridity indicates a drier,
more arid site. The Shannon index, a measure of diversity, was calculated for each checklist and
averaged per site. This plot does take the duration of each checklist into account. Aridity is a
significant predictor of species diversity (Table 4).
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Shrub Density and Bird Species Diversity
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Figure 13. Shrub density and mean Shannon diversity indices, with standard error shown. The
Shannon index, a measure of diversity, was calculated for each checklist and averaged per site.
Shannon index values were produced by taking the index value for each checklist per site and
calculating a mean index per site. This plot does take the duration of each checklist into account.
Shrub density is a significant predictor of species diversity (Table 4).
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Discussion

Drylands are subject to global anthropogenic changes (Mirzabaev et al. 2022). Avian
communities are an important form of biodiversity and are useful for measuring and inferring the
effects of these changes. Using citizen science data such as eBird for testing ecological
hypotheses at a small spatial scale (e.g., the site level) could be an efficient and affordable means
to quickly identify environmental variables that predict avian abundance and diversity in deserts.

The purpose of this study was two-fold, first to determine if eBird can be used to test
ecological predictions at the site level and second to determine if shrub density and aridity
influence the abundance and diversity of avian communities. | found that eBird has many
limitations for site-level questions and that the hypothesis of shrub density influencing bird
diversity and abundance was supported. | found that the prediction of greater bird abundance
with increasing shrub density was supported, but that the strength of the response was mixed due
to small sample sizes across sites.

While eBird data is readily available and abundant, its use for answering questions on
small spatial scales is still limited. According to Callaghan and Gawlik (2015), eBird has
potential for use at finer spatial scales. They noted that this would depend on survey coverage
and whether assumptions and limitations are matched to the scale of inferences. Through my
own research, | found that eBird survey coverage alone was an insufficient indicator of data
availability and quality. While | began with a large amount of data initially, most of that data was
pseudoabsence data derived from the zero-fill process used in marking checklists as complete.
Many sites had insufficient eBird data to estimate avian abundance or diversity and so statistical
power for hypothesis testing was low, and there were insufficient bird data to test predictions for

different groups of birds (e.g., granivore, raptors, insectivores). Future studies instead may
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consider selecting locations based on the availability of standardized survey data (e.g., Breeding
Bird Survey, Breeding Bird Atlas) in addition to eBird data. Location selection should also
consider a site’s remoteness and its proximity to major cities or thoroughfares, and the region’s
overall participation rate in eBird data collection. Though eBird data is designed to minimize
integrity problems through various quality filters, the additional use of data collected following a
standardized protocol reduces sampling error and allows for replication (Dennis et al. 2010).

| accounted for the effect of time by constraining the data to only a few consecutive years
of observations. This minimized the effect of droughts or other climactic factors that may
influence bird abundance and diversity (Albright et al. 2010). However, it is worth noting that
the COVID-19 pandemic occurred during the observation period, from 2020-onwards. As a
result, there was more available data for the years 2020 and 2021 than in previous years (Hillier-
Weltman et al. 2023). eBird does not test observer skill (Sullivan et al. 2009), and there is a
noted effect of skill on bird observations: less experienced observers are more likely to overcount
common and easily identifiable birds, undercount rare or difficult to identify birds, and
misidentify bird species (Fitzpatrick et al. 2009, Kelling et al. 2015). Though it is difficult to
account for observer skill when using citizen science data, future studies conducted at finer
spatial scales may require greater precision and therefore greater observer skill than eBird data
may provide.

| tested the predictions that shrub density is relatively more important to birds in high
aridity sites than in low aridity sites; that shrub density will vary in importance to birds
depending on their use of shrubs; that shrub density is more important to birds in the winter; and
that overall bird abundance is greater in the winter. | found that there was an effect of the

interaction between shrub density and aridity on both avian abundance and diversity. Shrub
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density may help to offset the effect of aridity in very dry sites, though a comparison of shrubbed
and non-shrubbed sites at various aridity indices would offer more insight into the relative
importance of shrubs. | found that shrub density is a predictor of bird diversity but that avian
abundance is not consistently influenced by shrub density. Passer domesticus is not endemic to
California (Moulton et al. 2010); as such, it may be less reliant on ecosystem features such as
shrubs. Shrub density may be more important for species that are endemic and non-migratory.
Testing the prediction that shrubs are more important to birds in the winter proved difficult due
to limitations within the dataset; however, there appeared to be no consistent effect of season on
avian abundance or diversity.

Determining seasonal bird abundance on a multi-species scale is difficult because many
populations of birds vary in their migratory habits. While most of a species may migrate
biannually at regular intervals, not every population of that species will migrate (Ellis and
Collins 2019). This was an important consideration, as the total population of Zonotrichia
leucophrys that | looked at consisted of both migratory and nonmigratory sub-populations; the
resident birds were mainly constrained to the location of my study sites, while the overall region
was considered part of the migratory population’s range (Udvardy and Ferrand 1994). Further,
some species may conduct range migrations, where they move to the warmer and colder extents
of their ranges; this can influence bird abundance and diversity, as the numbers of these species
may not be accounted for with the seasonal division used in this study (Waller et al. 2018).

One factor that may have influenced the outcome of this study are anthropogenic
influences such as agriculture, habitat encroachment, and urbanization (Matuoka et al. 2020).
Some sites were located adjacent to farms, while others were very far from any urban centres.

Anthropogenic factors can both positively and negatively influence birds, depending on their
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feeding, breeding, and nesting habits and requirements (Lim et al. 2023, Rodriguez et al. 2017,
Jagiello et al. 2022). As a result, species diversity may be lower in urbanized areas, while avian
abundance may be higher or lower (Clergeau et al.1998). Future studies may consider comparing
sites that have less variation in their proximity to anthropogenic factors.

A point that could be explored in future studies is whether shrub size or the combination
of shrub size and shrub density influences bird abundance and diversity; and whether shrub size
is inversely correlated or not with shrub density. In the study sites, shrub size decreased as aridity
increased. However, larger shrubs may be able to provide more and possibly more varied
resources for a larger number of birds (Smallwood and Wood 2023). Because of this, the benefit
of shrubs to birds may be more constrained by aridity rather than by their value to birds; in this
case, shrub density may be a mitigating factor in the negative direct and indirect effects of aridity
on birds (Rodriguez-Ramirez et al. 2017). Shrub coverage may be correlated with shrub size; as
such, the potential benefit of shrubs as thermal refuges may be influenced by shrub coverage as
well as by shrub density (Milling et al. 2018).

Groundwater reserves may influence shrub density, abundance, distribution, and size.
Desert shrubs have root systems that can utilize groundwater from underground aquifers, but that
can also make use of some surface level rainfall (Ng et al. 2015, Amundson et al. 1994). Shrub
distribution can influence the amount of groundwater that is absorbed and retained in aquifers
(Schreiner-McGraw et al. 2020). In turn, the amount of available groundwater can influence the
number and size of shrubs in a site (ElImore et al. 2006). Site geography influences the amount of
groundwater that is absorbed into the ground versus the amount captured by shrubs. Hilly
landscapes are able to direct a greater amount of water runoff into streambeds when a moderate

number of shrubs are present on the hillside, whereas hills with very high or very low shrub
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density are less able to channel as much rainfall into streambeds (Schreiner-McGraw et al. 2020).
Streambeds transport water more efficiently into groundwater stores due to the increased
porosity of their soils, and so an increase in the amount of water they receive will allow for more
water to reach underground aquifers (Shanafield et al. 2020). Understanding the relationship
between shrub density and rainfall absorption and how shrub distribution may be influenced by
groundwater availability is worth further consideration.

Determining the effect of aridity on migratory and resident bird populations may be a
valuable next step. If some sites are more or less habitable to larger numbers of migratory
species, determining if aridity plays a role in a site’s habitability would help determine what
factors increase the value of these sites to those species. This could be important for making
conservation decisions, as the viability of some sites may strongly influence seasonal diversity,
while protecting other sites may provide more benefit to the stable resident population. The
importance of each of these types of sites would vary based on conservation goals.

The sites | used comprise a gradient of aridity and of shrub density. Understanding if
species distributions change across these gradients, and how and why they might change, could
be beneficial. In this case, considering any changes in abundance of indicator species may be
worthwhile. As both shrub density and aridity do not change much per year in a given location,
this would provide useful insight as to how species respond to immediate weather events such as
annual droughts, and how shrub density may help to mitigate the impacts of these events.

Species diversity and abundance are important factors to consider for landscape
conservation. Desert ecosystems are extreme environments that are rich in biodiversity. In a

changing climate, factors such as species diversity and abundance become even more crucial to
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an ecosystem’s survival. Maintaining landscape diversity and stability is an important step in

ensuring the long-term success of these desert ecosystems.

Implications

The results of my research have implications for future studies of avian desert ecology
and the use of citizen science and eBird for testing hypotheses. Desert ecosystems are
ecologically valuable, but are also vulnerable to climate change and habitat loss. Desert bird
populations are diverse and abundant even in very arid habitats. However, they may be unable to
adapt to the rapid increase in climactic events that include prolonged megadroughts and flooding.
Understanding how ecosystems maintain stability through network interactions and the use of
foundation species will help to inform conservation strategies to preserve desert ecosystems and
biodiversity. While citizen science is a valuable resource due to its accessibility and ease of use,
its quality and consistency is variable. The use of eBird in answering ecological questions at a
fine spatial scale is promising, but its robustness is highly location dependent. As such, eBird
data may complement data produced by structured surveys, but is not yet sufficient to be used as

a sole data source.

56



References

Abatzoglou JT, Dobrowski SZ, Parks SA and KC Hegewisch. 2018. Terraclimate, a high-
resolution global dataset of monthly climate and climatic water balance from 1958-2015. Sci
Data 5: 170191.

Albright TP, Pidgeon AM, Rittenhouse CD et al. 2010. Effects of drought on avian community
structure. Global Change Biology 16:2158-2170.

Allf BC, Cooper CB, Larson LR et al. 2018. Citizen Science as an Ecosystem of Engagement:
Implications for Learning and Broadening Participation. BioScience 72(7):651-663.

Amano T, Lamming JDL and WJ Sutherland. 2016. Spatial Gaps in Global Biodiversity
Information and the Role of Citizen Science. BioScience 66(5):393-400.

Amundson R, Franco-Vizcaino F, Graham RC and M DeNiro. 1994. The relationship of
precipitation seasonality to the flora and stable isotope chemistry of soils in the Vizcaino desert,
Baja California, México. Journal of Arid Environments 28(4): 265-279.

Anderle M, Paniccia C, Brambilla M et al. 2022. The contribution of landscape features, climate
and topography in shaping taxonomical and functional diversity of avian communities in a
heterogeneous Alpine region. Oecologia 199: 499-512.

Anderson AH and A Anderson. 1946. Notes on the Use of the Creosote Bush by Birds. The
Condor 48(4): 179.

Andrew NR, Miller C, Hall G, Hemmings Z and | Oliver. 2019. Aridity and land use negatively
influence a dominant species' upper critical thermal limits. PeerJ 6:e6252.

Angelini C, Altieri AH, Silliman BR and MD Bertness. 2011. Interactions among Foundation
Species and Their Consequences for Community Organization, Biodiversity, and
Conservation. BioScience 61(10): 782—789.

Asner GP, Elmore AJ, Olander LP, Martin RE and AT Harris. 2004. Grazing Systems,
Ecosystem Responses, and Global Change. Annu. Rev. Environ. Resour. 29: 261-99.

Barbour M, Keeler-Wolf T and AA Schoenherr. 2007. Terrestrial vegetation of California.
University of California Press.

Barnagaud J-Y, Devictor V, Jiguet F, Barbet-Massin M, Le Viol | and F Archaux. 2012. Relating
Habitat and Climatic Niches in Birds. PLoS ONE 7(3): e32819.

Barrow CJ. 1992. World atlas of desertification. Land Degradation Dev. 3: 249.

57


https://www.nature.com/articles/sdata2017191

Baxter RJ. 1988. Spatial distribution of desert tortoises (Gopherus agassizii) at Twentynine
Palms, California: implications for relocations. In: Szaro, Robert C.; Severson, Kieth E.; Patton,
David R., technical coordinators. Management of amphibians, reptiles, and small mammals in
North America: Proceedings of the symposium; 1988 July 19-21; Flagstaff, AZ. Gen. Tech. Rep.
RM-166. Fort Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain
Forest and Range Experiment Station: 180-189. [7112]

Bean WT, Stafford R and JS Brashares. 2012. The effects of small sample size and sample bias
on threshold selection and accuracy assessment of species distribution models. Ecography 35:
250-258.

Berry KH, Murphy RW, Mack JS and W Quillman. 2006. Introduction to the special issue on the
changing Mojave Desert. Journal of Arid Environments 67: 5-10.

Betancourt JL, Van Devender TR and PS Martin. 1990. Packrat middens: the last 40,000 years
of biotic change. University of Arizona Press.

Bianchini K and DC Tozer. 2023. Using Breeding Bird Survey and eBird data to improve marsh
bird monitoring abundance indices and trends. Avian Conservation and Ecology 18(1): 4.

Bonney R, Cooper CB, Dickinson J et al. 2009. Citizen science: a developing tool for expanding
science knowledge and scientific literacy. BioScience 59(11): 977-984.

Borst ACW, Verberk WCEP, Angelini C et al. 2018. Foundation species enhance food web
complexity through non-trophic facilitation. PLoS ONE 13(8): e0199152.

Braun J and CJ Lortie. 2020. Facilitation with a grain of salt: reduced pollinator visitation is an
indirect cost of association with the foundation species creosote bush (Larrea tridentata).
American Journal of Botany 107(10): 1342-1354.

Braun J, Westphal M and CJ Lortie. 2021. The shrub Ephedra californica facilitates arthropod
communities along a regional desert climatic gradient. Ecosphere 12(9): e03760.

Bureau of Land Management. 2010. Carrizo Plain National Monument Record of Decision and
Resource Management Plan. U.S. Department of the Interior. Retrieved September 22, 2023,
from http://www.npshistory.com/publications/blm/carrizo-plain/rod-rmp-2010.pdf.

Butler SJ, Freckleton RP, Renwick, AR and K Norris. 2012. An objective, niche-based approach
to indicator species selection. Methods in Ecology and Evolution 3: 317 326.

Callaghan CT, Bino G, Major RE et al. 2019. Heterogeneous urban green areas are bird diversity
hotspots: insights using continental-scale citizen science data. Landscape Ecol 34: 1231-1246.

Callaghan CT and DE Gawlik. 2015. Efficacy of eBird data as an aid in conservation planning
and monitoring. Journal of Field Ornithology 86(4): 298-304.

58



Carroll JM, Davis CA, Elmore RD et al. 2015. A Ground-Nesting Galliform’s Response to
Thermal Heterogeneity: Implications for Ground-Dwelling Birds. PLoS ONE 10(11): e0143676.

Catano CP, Fristoe TS, LaManna JA and JA Myers. 2020. Local species diversity, B-diversity
and climate influence the regional stability of bird biomass across North America. Proc. R. Soc.
B 287: 20192520.

CDFW. 2023. Panoche Hills Ecological Reserve. California Department of Fish and Wildlife.
Retrieved September 22, 2023, from https://wildlife.ca.gov/L ands/Places-to-Visit/Panoche-Hills-
ER.

CDFW. 2023. Semitropic Ecological Reserve. California Department of Fish and Wildlife.
Retrieved September 22, 2023, from https://wildlife.ca.gov/Lands/Places-to-Visit/Semitropic-
ER.

Cherlet M, Hutchinson C, Reynolds J et al. 2018. World Atlas of Desertification. Luxembourg:
Publication Office of the European Union. See: https://wad.jrc.ec.europa.eu/

Clergeau P, Savard J-PL, Mennechez G and G Falardeau. 1998. Bird Abundance and Diversity
along an Urban-Rural Gradient: A Comparative Study between Two Cities on Different
Continents. The Condor 100(3): 413-25.

Cloudsley-Thompson JL. 1993. The Adaptational Diversity of Desert Biota. Environmental
Conservation 20(3): 227-31.

Cruz-McDonnell KK and BO Wolf. 2016. Rapid warming and drought negatively impact
population size and reproductive dynamics of an avian predator in the arid southwest. Glob
Chang Biol. 22(1):237-53.

Danet A, Schneider FD, Anthelme F and S Kéfi. 2020. Indirect facilitation drives species
composition and stability in drylands. Theoretical Ecology 14: 189-203.

De Bello F, Lavorel S, Hallett LM et al. 2021. Functional trait effects on ecosystem stability:
assembling the jigsaw puzzle. Trends in Ecology and Evolution 36(9): 822-836.

DeLuca W, Meehan T, Seavy N et al. 2021. The Colorado River Delta and California’s Central
Valley are critical regions for many migrating North American landbirds. Ornithological
Applications 123(1): duaa064.

Dennis B, Ponciano JM and ML Taper. 2010. Replicated sampling increases efficiency in
monitoring biological populations. Ecology 91(2): 610-620.

De Sherbinin A, Bowser A, Chuang T-R et al. 2021. The Critical Importance of Citizen Science
Data. Front. Clim. 3. https://doi.org/10.3389/fclim.2021.650760.

59


https://wildlife.ca.gov/Lands/Places-to-Visit/Panoche-Hills-ER
https://wildlife.ca.gov/Lands/Places-to-Visit/Panoche-Hills-ER

Dong C, MacDonald GM, Willis K et al. 2019. Vegetation responses to 2012—2016 drought in
Northern and Southern California. Geophysical Research Letters 46: 3810 3821.

eBird Basic Dataset. Version: ebd_relFeb-2018. Cornell Lab of Ornithology, Ithaca, New York.
May 2013.

eBird Basic Dataset. Version: EBD_relOct-2022. Cornell Lab of Ornithology, Ithaca, New York.
Oct 2022.

Ellis VA and MD Collins. 2019. Temporal changes in abundance exhibit less spatial structure
than abundance itself in North American birds. J Ornithol 160: 37-47.

Ellison AM. 2019. Foundation Species, Non-trophic Interactions, and the Value of Being
Common. iScience 13: 254-268.

Ellison AM, Bank MS, Clinton BD et al. 2005. Loss of Foundation Species: Consequences for
the Structure and Dynamics of Forested Ecosystems. Frontiers in Ecology and the
Environment 3(9): 479-86.

Elmore AJ, Manning SJ, Mustard JF and JM Craine. 2006. Decline in alkali meadow vegetation
cover in California: the effects of groundwater extraction and drought. Journal of Applied
Ecology 43(4): 770-779.

EMGU. 2011. Global Drylands: A UN System-Wide Response. The United Nations
Environment Management Group.

Eyres A, Bohning-Gaese K, Orme CDL, Rahbek C and SA Fritz. 2020. A tale of two seasons:
The link between seasonal migration and climatic niches in passerine birds. Ecol
Evol. 10: 11983 11997.

FAO. 2011. The state of the world’s land and water resources for food and agriculture (SOLAW)
— Managing systems at risk. Food and Agriculture Organization of the United Nations, Rome and
Earthscan, London.

Feng ME and J Che-Castaldo. 2021. Comparing the reliability of relative bird abundance indices
from standardized surveys and community science data at finer resolutions. PLoS One.
16(9):e0257226.

Feng S, Gu X, Luo S et al. 2022. Greenhouse Gas Emissions Drive Global Dryland Expansion
but Not Spatial Patterns of Change in Aridification. Journal of Climate 35(20): 2901-2917.

Filazzola A, Sotomayor DA and CJ Lortie. 2017. Modelling the niche space of desert annuals
needs to include positive interactions. Oikos 127(2): 264-273.

60



Finger-Higgens R, Bishop TBB, Belnap J et al. 2023. Droughting a megadrought: Ecological
consequences of a decade of experimental drought atop aridification on the Colorado Plateau.
Global Change Biology 29(12):3364-3377.

Fitzpatrick MC, Preisser EL, Ellison AM and JS Elkinton. 2009. Observer bias and the detection
of low-density populations. Ecological Applications 19: 1673-1679.

Folke C, Carpenter S, Walker B et al. 2004. Regime Shifts, Resilience, and Biodiversity in
Ecosystem Management. Annual Review of Ecology, Evolution, and Systematics 35:557-581.

Ganguli AC and ME O’Rourke. 2022. How vulnerable are rangelands to grazing? Science 378:
834-834.

Garcia AG, Mesquita Filho W, Flechtmann CAH et al. 2022. Alternative stable ecological states
observed after a biological invasion. Sci Rep 12: 20830.

Garcia FC, Bestion E, Warfield R and G Yvon-Durocher. 2018. Changes in temperature alter the
relationship between biodiversity and ecosystem functioning. PNAS 115(43): 10989-10994.

Garcia-Callejas D, Molowny-Horas R and MB Araujo. 2018. The effect of multiple biotic
interaction types on species persistence. Ecology 99(10): 2327-2337.

Germano DJ, Rathbun GB, Saslaw LR et al. 2011. The San Joaquin Desert of California:
Ecologically Misunderstood and Overlooked. Natural Areas Journal 31(2):138-147.

Gifford RM, Cheney NP, Noble JC et al. 1992. Australian land use, primary production of
vegetation and carbon pools in relation to atmospheric carbon dioxide levels. Bureau of Rural
Resources Proceedings 14: 151-187.

Gilbert B and JM Levine. 2017. Ecological drift and the distribution of species diversity. Proc.
R. Soc. B 284: 20170507,

Godfree RC, Knerr N, Godfree D et al. 2019. Historical reconstruction unveils the risk of mass
mortality and ecosystem collapse during pancontinental megadrought. Proc Natl Acad Sci USA
116(31):15580-15589.

Hagger V, Wilson K, England JR and JM Dwyer. 2019. Water availability drives aboveground
biomass and bird richness in forest restoration plantings to achieve carbon and biodiversity
cobenefits. Ecol Evol 9(24):14379-14393.

Hanan NP, Milne E, Aynekulu E et al. 2021. A Role for Drylands in a Carbon Neutral World?
Front. Environ. Sci. 9: 786087.

Hanson HE, Mathews NS, Hauber ME and LB Martin. 2020. The house sparrow in the service of
basic and applied biology. Elife. 9:52803.

61



He Q, Bertness MD and AH Altieri. 2013. Global shifts towards positive species interactions
with increasing environmental stress. Ecology Letters 16: 695-706.

Hilberg LE, Reynier WA and JM Kershner. 2016. Southern California Desert Habitats: Climate
Change Vulnerability Assessment Synthesis. Version 1.0. EcoAdapt, Bainbridge Island, WA.

Hillier-Weltman Z, Lortie CJ, Zuliani M and B Stutchbury. 2023. eBird Observations in Central
California. Knowledge Network for Biocomplexity. doi:10.5063/F1DJ5D3W.

Hoagland DB. 1992. Feeding ecology of an insular population of the black-tailed jackrabbit
(Lepus californicus) in the Gulf of California. The Southwestern Naturalist 37(3): 280-286.

Holling CS. 1973. Resilience and Stability of Ecological Systems. Annual Review of Ecology
and Systematics 4: 1-23.

Hoover DL, Bestelmeyer B, Grimm NB et al. 2020. Traversing the Wasteland: A Framework for
Assessing Ecological Threats to Drylands. BioScience 70(1): 35-47.

Huang J, Yu H, Guan X et al. 2016. Accelerated dryland expansion under
climate change. Nature Clim Change 6: 166-171.

Hussain S, Hussain S, Guo R. et al. 2021. Carbon Sequestration to Avoid Soil Degradation: A
Review on the Role of Conservation Tillage. Plants (Basel) 10(10): 2001.

Iknayan KJ and SR Beissinger. 2018 Collapse of a desert bird community over the past century
driven by climate change. Proceedings of the National Academy of Sciences 115, 8597-8602.

IPCC. 2022. Climate Change 2022: Impacts, Adaptation, and Vulnerability. Contribution of
Working Group Il to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change [Portner H-O, Roberts DC, Tignor M et al. (eds.)]. Cambridge University Press.
Cambridge University Press, Cambridge, UK and New York, NY, USA, 3056 pp.

Ivey KN, Cornwall M, Crowell H et al. 2020. Thermal ecology of the federally endangered
blunt-nosed leopard lizard (Gambelia sila). Conservation Physiology 8(1): coaa014.

Jagiello Z, Corsini M, Dylewski L et al. 2022. The extended avian urban phenotype:
anthropogenic solid waste pollution, nest design, and fitness. Science of The Total Environment
838(2): 156034.

Jankju M. 2013. Role of nurse shrubs in restoration of an arid rangeland: Effects of microclimate
on grass establishment. Journal of Arid Environments 89: 103-1009.

Johnston A, Moran N, Musgrove A, Fink D and SR Baillie. 2020. Estimating species
distributions from spatially biased citizen science data. Ecological Modelling 422:108927.

62



Kamp J, Oppel S, Heldbjerg H et al. 2016. Unstructured citizen science data fail to detect long-
term population declines of common birds in Denmark. Diversity Distrib. 22:1024-1035.

Kannenberg SA, Guo JS, Novick KA et al. 2021. Opportunities, challenges and pitfalls in
characterizing plant water-use strategies. Functional Ecology 36(1):24-37.

Karr JR and RR Roth. 1971. Vegetation Structure and Avian Diversity in Several New World
Areas. The American Naturalist 105(945): 423-435.

Keesing F, Belden LK, Daszak P et al. 2010. Impacts of biodiversity on the emergence and
transmission of infectious diseases. Nature 468:647-652.

Kelling S, Johnston A, Hochachka WM, Iliff M, Fink D, Gerbracht J et al. 2015. Can
Observation Skills of Citizen Scientists Be Estimated Using Species Accumulation Curves?
PLoS ONE 10(10): e0139600.

Kimball S and PM Schiffman. 2003. Differing Effects of Cattle Grazing on Native and Alien
Plants. Conservation Biology 17(6): 1681- 1693.

Kozma JM and NE Mathews. 1997. Breeding Bird Communities and Nest Plant Selection in
Chihuahuan Desert Habitats in South-Central New Mexico. Wilson Bull. 109(3): 424-436.

Lal R. 1999. Soil Management and Restoration for C Sequestration to Mitigate the Accelerated
Greenhouse Effect. Progress in Environmental Science 1: 307-326.

Lal R, Lorenz K, Huttl R et al. 2013. Ecosystem Services and Carbon Sequestration in the
Biosphere. 10.1007/978-94-007-6455-2.

Landi P, Minoarivelo HO, Brannstrom A et al. 2018. Complexity and stability of ecological
networks: a review of the theory. Popul Ecol 60: 319-345.

La Sorte FA and M Somveille. 2021. The island biogeography of the eBird citizen-science
program. Journal of Biogeography 48:628-638.

Lavee D and U Safriel. 1974. Utilization of an oasis by desert-crossing migrants. Isr. J. Zool. 23:
219.

Li X, Liu Y and Y Zhu. 2022. The Effects of Climate Change on Birds and Approaches to
Response. IOP Conf. Ser.: Earth Environ. Sci. 1011: 012054.

Londei T. 2021. Birds as seed dispersers in deserts: suggestions from the ground-jays. Avian
Res 12: 13.

Loreau M and C de Mazancourt. 2013. Biodiversity and ecosystem stability: a synthesis of
underlying mechanisms. Ecology Letters 16(s1):106-115.

63



Lortie CJ, Filazzola A, Westphal M et al. 2022. Foundation plant species provide resilience and
microclimatic heterogeneity in drylands. Sci Rep 12: 18005.

Lortie CJ, Gruber E, Filazzola A et al. 2017. The Groot Effect: Plant facilitation and desert shrub
regrowth following extensive damage. Ecol Evol 8(1): 706-715.

Louw G and M Seely. 1982. Ecology of Desert Organisms. Longman.

Lukyanenko R, Parsons J and YF Wiersma. 2018. Emerging problems of data quality in citizen
science. Conservation Biology 30(3): 447-449.

Maclean GL. 2013. Ecophysiology of desert birds. Springer, Berlin.

Mair L and A Ruete. 2016. Explaining Spatial Variation in the Recording Effort of Citizen
Science Data across Multiple Taxa. PLoS ONE 11(1): e0147796.

Maliva R and T Missimer. 2012. Arid Lands Water Evaluation and Management.
Environmental Science and Engineering (Environmental Engineering) 21-39.

Marshall KA. 1995. Larrea tridentata. In: Fire Effects Information System, [Online]. U.S.
Department of Agriculture, Forest Service, Rocky Mountain Research Station, Fire Sciences
Laboratory (Producer). Available:
https://www.fs.usda.gov/database/feis/plants/shrub/lartri/all.ntml [2023, July 11].

Marshak S. 2009. Essentials of Geology, 3rd ed.. W. W. Norton & Co. p. 452. ISBN 978-0-393-
19656-6.

Maxwell SL, Butt N, Maron M et al. 2019. Conservation Implications of Ecological Responses
to Extreme Weather and Climate Events. Diversity and Distributions 25(4): 613-25.

McCaffrey RE. 2005. Using Citizen Science in Urban Bird Studies. Urban Habitats 3(1):1541-
7115.

Meese RJ. 2017. Results of the 2017 tricolored blackbird statewide survey. California
Department of Fish and Wildlife, Wildlife Branch, Nongame Wildlife Program.

Mekonen S. 2017. Birds as Biodiversity and Environmental Indicator. Journal of Natural
Sciences Research 7:21.

Meyer ER. 1974. A reconnaissance survey of pollen rain in Big Bend National Park, Texas:
modern control for a paleoenvironmental study. In: Wauer, Roland H.; Riskind, David H., eds.
Transactions of the symposium on the biological resources of the Chihuahuan Desert region,
United States and Mexico; 1974 October 17-18; Alpine, TX. Transactions and Proceedings
Series No. 3. Washington, DC: U.S. Department of the Interior, National Park Service: 115-123.
[16058]

64



Meyer SE. 2008. Ephedra L.: ephedra or Mormon-tea. In: Bonner, Franklin T.; Karrfalt, Robert
P., eds. The Woody Plant Seed Manual. Agric. Handbook No. 727. Washington, DC. U.S.
Department of Agriculture, Forest Service. p. 492-494.

Middleton N and D Thomas (Eds.). 1997. World Atlas of Desertification, Arnold.

Milesi FA, de Casenave JL and VR Cueto. 2008. Selection of Foraging Sites by Desert
Granivorous Birds: Vegetation Structure, Seed Availability, Species-Specific Foraging Tactics,
and Spatial Scale. The Auk 125(2): 473-484.

Milling CR, Rachlow JL, Olsoy PJ et al. 2018. Habitat structure modifies microclimate: An
approach for mapping fine-scale thermal refuge. Methods Ecol Evol. 9: 1648— 1657.

Miriti M. 2006. Ontogenetic Shift from Facilitation to Competition in a Desert Shrub. Journal of
Ecology 5: 973-979.

Mirzabaev A, Stringer LC, Benjaminsen TA et al. 2022. Cross-Chapter Paper 3: Deserts,
Semiarid Areas and Desertification. In: Climate Change 2022: Impacts, Adaptation and
Vulnerability. Contribution of Working Group 1l to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change [Portner H-O, Roberts DC, Tignor M et al. (eds.)].
Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 2195-2231.

Monson G and W Kessler. 1940. Life history notes on the banner-tailed kangaroo rat, Merriam's
kangaroo rat, and white-throated wood rat in Arizona and New Mexico. Journal of Wildlife
Management 4(1): 37-43.

Montoya JM and D Raffaelli. 2010. Climate change, biotic interactions and ecosystem services.
Philos Trans R Soc Lond B Biol Sci. 365(1549):2013-2018.

Morelli F, Reif J, Diaz M et al. 2021. Top ten birds indicators of high environmental quality in
European cities. Ecological Indicators 133: 108397.

Mori AS. 2011. Ecosystem management based on natural disturbances: hierarchical context and
non-equilibrium paradigm. Journal of Applied Ecology 48(2):280-292.

Mouillot D and A Leprétre. 1999. A comparison of species diversity estimators. Res Popul
Ecol 41: 203-215.

Moulton MP, Cropper WP, Avery ML et al. 2010. The earliest House Sparrow introductions to
North America. Biol Invasions 12: 2955-2958.

Moyano FE, Vasilyeva N, Bouckaert L et al. 2012. The moisture response of soil heterotrophic
respiration: interaction with soil properties. Biogeosciences 9: 1173-1182.

Mulroy TW and PW Rundel. 1977. Annual Plants: Adaptations to Desert
Environments. BioScience 27(2): 109-14.

65



Munson SM, Long AL, Wallace CSA and RH Webb. 2016. Cumulative drought and land-use
impacts on perennial vegetation across a North American dryland region. Appl Veg Sci 19: 430-
441.

Naorem A, Jayaraman S, Dalal RC et al. 2022. Soil Inorganic Carbon as a Potential Sink in
Carbon Storage in Dryland Soils—A Review. Agriculture 12(8):1256.

NASEM. 2018. National Academies of Sciences, Engineering, and Medicine. Learning Through
Citizen Science: Enhancing Opportunities by Design. National Academies Press.

National Park Service. 2013. Foundation Document, Mojave National Preserve. U.S.
Department of the Interior. Retrieved September 22, 2023, from
http://npshistory.com/publications/foundation-documents/moja-fd-2013.pdf.

National Park Service. 2017. Foundation Document, Death Valley National Park. U.S.
Department of the Interior. Retrieved September 22, 2023, from
https://www.nps.gov/deva/getinvolved/upload/DEVA_FD 2017 _508.pdf.

Newman EA, Potts JB, Tingley MW et al. 2018. Chaparral bird community responses to
prescribed fire and shrub removal in three management seasons. Journal of Applied Ecology
55(4):1615-1625.

Newton | and Brockie K. 2008. The Migration Ecology of Birds. Academic Press.

Ng G-HC, Bedford DR and Miller DM. 2015. Identifying multiple time scale rainfall controls
on Mojave Desert ecohydrology using an integrated data and modeling approach for Larrea
tridentata. Water Resour. Res. 51: 3884-3899.

Nolan KA and JE Callahan. 2006. Beachcomber biology: The Shannon-Weiner Species
Diversity Index. Pages 334-338, in Tested Studies for Laboratory Teaching, Volume 27 (M.A.
O'Donnell, Editor). Proceedings of the 27th Workshop/Conference of the Association for
Biology Laboratory Education (ABLE), 383 pages.

Norman J and L Christidis. 2016. Ecological opportunity and the evolution of habitat preferences
in an arid-zone bird: implications for speciation in a climate-modified landscape. Sci Rep 6:
19613.

Norris DR and PP Mara. 2007. Seasonal Interactions, Habitat Quality, and Population Dynamics
in Migratory Birds. The Condor 109(3): 535-547.

Oliver T, Isaac N, August T et al. 2015. Declining resilience of ecosystem functions under
biodiversity loss. Nat Commun 6: 10122,

Osborne P, Hall LJ, Kronfeld-Schor N. et al. 2020. A rather dry subject; investigating the study
of arid-associated microbial communities. Environmental Microbiome 15: 20.

66


http://npshistory.com/publications/foundation-documents/moja-fd-2013.pdf

Pebesma E. 2018. Simple Features for R: Standardized Support for Spatial Vector Data. The R
Journal 10(1): 439-446.

Pebesma E and R Bivand. 2023. Spatial Data Science: With applications in R. Chapman and
Hall/CRC. https://r-spatial.org/book/.

Peel MC, Finlayson BL and TA McMahon. 2007. Updated world map of the Koppen-Geiger
climate classification. Hydrol. Earth Syst. Sci. 11: 1633-1644.

Peguero-Pina JJ, Vilagrosa A, Alonso-Forn D et al. 2020. Living in Drylands: Functional
Adaptations of Trees and Shrubs to Cope with High Temperatures and Water Scarcity. Forests
11(10): 1028.

Pelliza Y1, Souto CP and M Tadey. 2020. Unravelling effects of grazing intensity on genetic
diversity and fitness of desert vegetation. Perspectives in Ecology and Conservation 18(3): 178-
189.

Peterson G, Allen CR and CS Holling. 1998. Ecological Resilience, Biodiversity, and
Scale. Ecosystems 1(1):6-18.

Plaza C, Zaccone C, Sawicka K et al. 2018. Soil resources and element stocks in drylands to face
global issues. Sci Rep 8: 13788.

Polis GA. 2016. The Ecology of Desert Communities. University of Arizona Press.

Porzig EL, Seavy NE, Eadie JM et al. 2018. There goes the neighborhood: White-crowned
Sparrow nest site selection and reproductive success as local density declines. The Condor
120(1): 234-244.

Preston KL, Perkins EE, Brown CW et al. 2022. State of the Regional Preserve System in
Western San Diego County, USGS Cooperator report prepared for San Diego Association of
Governments Environmental Mitigation Program, Agreements 5004597 and 548642.

Randall JM, Parker SS, Moore J et al. 2010. Mojave Desert ecoregional assessment. San
Francisco, CA: Unpublished report from The Nature Conservancy of California. Retrieved from
https://www.scienceforconservation.org/assets/downloads/Mojave_Desert_Ecoregional _Assessm
ent_2010.pdf.

Rechetelo J, Grice A, Reside AE, Hardesty BD and J Moloney. 2016. Movement Patterns, Home
Range Size and Habitat Selection of an Endangered Resource Tracking Species, the Black-
Throated Finch (Poephila cincta cincta). PLoS ONE 11(11): e0167254.

Riddell EA, Iknayan KJ, Hargrove L et al. 2021. Exposure to climate change drives stability or
collapse of desert mammal and bird communities. Science 371(6529):633-636.

67



Rodriguez-Ramirez N, Santonja M, Baldy V, Ballini C and N Montes. 2017. Shrub species
richness decreases negative impacts of drought in a Mediterranean ecosystem. J Veg Sci 28: 985-
996.

Rotenberry JT and JA Weins. 1980. Habitat Structure, Patchiness, and Avian Communities in
North American Steppe Vegetation: A Multivariate Analysis. Ecology 61: 1228-1250.

Safriel U. et al. 2005. Dryland systems in The Millennium Ecosystem Assessment
Series, Ecosystems and Human Well-being: Current State and Trends, Volume 1 (eds. Hassan,
R., Scholes, R. & Ash, N.) 623-662.

Scheele BC, Foster CN, Banks SC and DB Lindenmayer. 2017. Niche Contractions in Declining
Species: Mechanisms and Consequences. Trends in Ecology and Evolution 32(5): 346-355.

Scherber C, Eisenhauer N, Weisser W et al. 2010. Bottom-up effects of plant diversity on
multitrophic interactions in a biodiversity experiment. Nature 468: 553-556.

Schreiner-McGraw AP, Vivoni ER, Ajami H et al. 2020. Woody Plant Encroachment has a
Larger Impact than Climate Change on Dryland Water Budgets. Sci Rep 10: 8112.

Schwinning S and OE Sala. 2004. Hierarchy of Responses to Resource Pulses in Arid and Semi-
Arid Ecosystems. Oecologia 141(2): 211-220.

Sellers WD and RH Hill. 1974. Arizona Climate. 2nd ed. Tucson (AZ), University of Arizona
Press.

Selwood KE, McGeoch MA, Clarke RH and R Mac Nally. 2017. High-productivity vegetation is
important for lessening bird declines during prolonged drought. Journal of Applied Ecology
55:641-650.

Seneviratne SI, Zhang X, Adnan M et al. 2021. Weather and Climate Extreme Events in a
Changing Climate. In Climate Change 2021: The Physical Science Basis. Contribution of
Working Group | to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change [Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y.
Chen, L. Goldfarb, M.l. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K.
Maycock, T. Waterfield, O. Yelekgi, R. Yu, and B. Zhou (eds.)]. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, pp. 1513-1766,
doi:10.1017/9781009157896.013.

Shanafield M, Gutiérrrez-Jurado K, White N et al. 2020. Catchment-Scale Characterization of
Intermittent Stream Infiltration; a Geophysics Approach. Journal of Geophysical Research:
Earth Surface. 125: e2019JF005330.

Shannon CE. 1948. A mathematical theory of communication. Bell System Technical
Journal. 27:379-423.

68



Shen FY, Ding TS and JS Tsai. 2023. Comparing avian species richness estimates from
structured and semi-structured citizen science data. Sci Rep 13: 1214.

Simpson B, Neff J and A Moldenke. 1977. Reproductive systems of Larrea. T.J. Mabry, J. H.
Hunziker, and D. R. DiFeo[eds.]. Creosote bush: biology and chemistry of Larrea in the New
World deserts, 92—-114. Hutchinson & Ross Inc, Stroudsburg, Dowden.

Smallwood NL and EM Wood. 2023. The Ecological Role of Native-Plant Landscaping in
Residential Yards to Birds during the Nonbreeding Period. Ecosphere 14(1): e4360.

Smith F. 1996. Biological diversity, ecosystem stability and economic development. Ecological
Economics 16(3): 191-203.

Smits JE and KJ Fernie. 2013. Avian wildlife as sentinels of ecosystem health. Comp Immunol
Microbiol Infect Dis. 36(3): 333-42.

Somveille M, Manica A, Butchart SHM and ASL Rodrigues. 2013. Mapping Global Diversity
Patterns for Migratory Birds. PLoS ONE 8(8): e70907.

Soulé ME, Estes JA, Berger J and CM del Rio. 2003. Ecological Effectiveness: Conservation
Goals for Interactive Species. Conservation Biology 17(5): 1238-1250.

Spence AR and MW Tingley. 2020. The challenge of novel abiotic conditions for species
undergoing climate-induced range shifts. Ecography 43(11):1571-1590.

Stachowicz JJ. 2001. Mutualism, Facilitation, and the Structure of Ecological Communities:
Positive interactions play a critical, but underappreciated, role in ecological communities by
reducing physical or biotic stresses in existing habitats and by creating new habitats on which
many species depend. BioScience 51(3): 235-246.

Staude IR, Overbeck GE, Fontana CS et al. 2021. Specialist Birds Replace Generalists in
Grassland Remnants as Land Use Change Intensifies. Front. Ecol. Evol. 8:597542.

Stavi I, Roque de Pinho J, Paschalidou AK et al. 2022. Food security among dryland pastoralists
and agropastoralists: The climate, land-use change, and population dynamics nexus. The
Anthropocene Review 9(3): 299 —323.

Stoudt S, Goldstein BR and P de Valpine. 2022. Identifying engaging bird species and traits with
community science observations. PNAS 119 (16): e2110156119.

Strimas-Mackey M, Hochachka WM, Ruiz-Gutierrez V et al. 2020. Best Practices for Using

eBird Data. Version 1.0. Cornell Lab of Ornithology, Ithaca, New
York. https://cornelllabofornithology.github.io/ebird-best-practices/

69



Suérez-Rodriguez M, Montero-Montoya RD and C Macias Garcia. 2017. Anthropogenic Nest
Materials May Increase Breeding Costs for Urban Birds. Front. Ecol. Evol. 5.
https://doi.org/10.3389/fev0.2017.00004

Sullivan BL, Aycrigg JL, Barry JH et al. 2014. The eBird enterprise: An integrated approach to
development and application of citizen science. Biological Conservation 169: 31-40.

Sullivan BL, Wood CL, Iliff MJ et al. 2009. eBird: A citizen-based bird observation network in
the biological sciences. Biological Conservation 142(10): 2282-2292.

The Nature Conservancy. 2023. Carrizo Plain National Monument. The Nature Conservancy.
Retrieved September 22, 2023, from https://www.nature.org/en-us/get-involved/how-to-
help/places-we-protect/carrizo-plain/.

Thorup K, Tattrup AP, Willemoes M et al. 2017. Resource tracking within and across continents
in long-distance bird migrants. Sci Adv. 3(1):e1601360.

Tomecek JM, Pierce BL, Reyna KS and MJ Peterson. 2017. Inadequate thermal refuge
constrains landscape habitability for a grassland bird species. PeerJ 5:e3709.

Tschirhart J. 2000. General Equilibrium of an Ecosystem. Journal of Theoretical Biology 203(1):
13-32.

Tugjamba N, Walkerden G and F Miller. 2023. Adapting nomadic pastoralism to climate
change. Climatic Change 176: 28.

Udvardy MDF and J Farrand. National Audubon Society Field Guide to North American
Birds. Rev. ed. New York, Knopf, 1994.

United Nations Environment Programme (UNEP). 1997. World Atlas of Desertification: Second
Edition.

UNESCO. 2009. The United Nations World Water Development report 3: Water in a changing
World, UNESCO/Earthscan, Paris/London (Vol. 1). Earthscan.

Vale CG and JC Brito. 2015. Desert-adapted species are vulnerable to climate change: Insights
from the warmest region on Earth. Global Ecology and Conservation 4: 369-379.

Verberk W. 2011. Explaining General Patterns in Species Abundance and Distributions. Nature
Education Knowledge 3(10):38.

Walker J and PD Taylor. 2017. Using eBird data to model population change of migratory bird
species. Avian Conservation and Ecology 12(1):4.

70



Walker J and PD Taylor. 2020. Evaluating the efficacy of ebird data for modeling historical
population trajectories of North American birds and for monitoring populations of boreal and
arctic breeding species. Avian Conservation and Ecology 15(2):10.

Waller EK, Crimmins TM, Walker JJ, Posthumus EE and JF Weltzin. 2018. Differential changes
in the onset of spring across US National Wildlife Refuges and North American migratory bird
flyways. PL0oS One 13(9):e0202495.

Walsberg GE. 2000. Small Mammals in Hot Deserts: Some Generalizations
Revisited. BioScience 50(2): 109-120.

Ward D. Oxford 2008. Biodiversity and biogeography of deserts. The Biology of Deserts, 1st
edn, Biology of Habitats.

Weise H, Auge H, Baessler C et al. 2020. Resilience trinity: safeguarding ecosystem functioning
and services across three different time horizons and decision contexts. Oikos 129: 445-456.

Whelan CJ, Wenny DG and RJ Marquis. 2008. Ecosystem services provided by birds. Ann N 'Y
Acad Sci. 1134:25-60.

White RP and J Nackoney. 2003. Drylands, People, and Ecosystem Goods and Services: A Web-
Based Geospatial Analysis.

Wickham H. 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York.
ISBN 978-3-319-24277-4, https://ggplot2.tidyverse.org.

Williams AP, Cook Bl and JE Smerdon. 2022. Rapid intensification of the emerging
southwestern North American megadrought in 2020-2021. Nat. Clim. Chang. 12:232-234.

Williams DF, Cypher EA, Kelly PA et al. 1997. Draft Recovery Plan for Upland Species of the
San Joaquin Valley, California. U.S. Fish and Wildlife Service. See
https://books.google.ca/books?id=_hQIfZFiSxIC&dq

Wood C, Sullivan B, Iliff M, Fink D and S Kelling. 2011. eBird: Engaging Birders in Science
and Conservation. PLoS Biol 9(12):e1001220.

Zhang G. 2020. Spatial and Temporal Patterns in VVolunteer Data Contribution Activities: A Case
Study of eBird. ISPRS International Journal of Geo-Information 9(10): 597.

Zuliani M and C Lortie. 2022. Geolocations of all Ephedra californica shrubs at key ecological
areas within the San Joaquin Desert. Knowledge Network for
Biocomplexity. doi:10.5063/F1BC3XO0N.

Zuliani M and C Lortie. 2022. A set of Keyhole Markup Language polygons to describe site-

level ecoregional differences in the plants and animals of Central California Deserts. Knowledge
Network for Biocomplexity. doi:10.5063/F1IW957MG.

71


https://ggplot2.tidyverse.org/

Zuliani M and C Lortie. 2022. Geolocations of all Ephedra californica shrubs at key ecological
areas within the Mojave Desert. Knowledge Network for
Biocomplexity. doi:10.5063/F14T6GTS.

Zuliani M and C Lortie. 2022. Geolocations of all Larrea tridentata shrubs at key ecological
areas within the Mojave Desert. Knowledge Network for Biocomplexity. doi:10.5063/F1222S75.

Zuliani M, Ghazian N and CJ Lortie. 2021. Shrub density effects on the community structure and
composition of a desert animal community. Wildlife Biology 2021(2): wib.00774.

72



