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Abstract
Ongoing urbanization and land transformation drive profound changes in ecosystems worldwide, with wildlife responding 
in myriad ways. Particularly, functional homogenization of wildlife communities due to these widespread changes may 
reduce biodiversity and urban ecosystem resilience. However, there are benefits of urbanization (e.g., increased resources 
and survival) for some mammal species, likely supported by corresponding traits that facilitate the exploitation of human-
dominated landscapes. Using data collected simultaneously from 107 sites throughout the contiguous United States, we 
explored how urban development, agricultural development, and environmental factors affected mammalian functional 
diversity (i.e., richness, evenness, and divergence of effect traits) and mean species’ traits at two spatial scales. Although we 
expected that urbanization would lead to mammal community functional homogenization, we found that urban development 
was positively associated with functional richness at the camera-site and all three functional metrics at the camera-array 
scales, whereas environmental variables (i.e., primary productivity, temperature) were not associated with any functional 
diversity metric. Sampling locations with greater urban development were associated with mammals that had smaller average 
home ranges, smaller average body sizes, and decreased mean rates of carnivory and scavenging. Identifying the effects of 
anthropogenic development on ecosystem functioning, as mediated by species' traits, is crucial as urban landscapes continue 
to expand globally.
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Introduction

The ecological consequences of human-mediated landscape 
transformation (e.g., urbanization, intensive agriculture, and 
landscape fragmentation) are profound and complex. Nearly 

three-quarters of Earth’s terrestrial land surface is impacted 
by a myriad of human activities (Venter et al. 2016), and 
subsequent changes in community assembly and structure 
are often linked to reduced ecosystem integrity, resilience, 
and function across multiple spatial scales (Flynn et al. 
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2009; Foley et al. 2005; McKinney 2006). For example, the 
reduction of native land cover and the conversion of complex 
natural systems to simplified, intensive agriculture is linked 
to biodiversity loss (Gámez-Virués et al. 2015), particularly 
for stream macroinvertebrates (Barnum et al. 2017), inverte-
brate pollinators (Deguines et al. 2014), amphibians (Hayes 
et al. 2010), birds (Donald et al. 2001; Sidemo-Holm et al. 
2022), mammals (Sotherton 1998), and plants (McCune and 
Vellend 2013; Schwartz et al. 2006). Similarly, the process 
of urbanization is a leading cause of local species extinction, 
due to both direct and indirect effects on wildlife populations 
(McKinney 2006; Morelli et al. 2016; Sidemo-Holm et al. 
2022). In the United States of America (hereafter USA), 
transformation of native land cover for urban development 
is more ubiquitous than other human activities (Czech et al. 
2000), and the combination of urbanization and expansion of  
intensive agriculture has increased ecosystem homogenization  
(Flynn et al. 2009; Groffman et al. 2014; McKinney 2006). As 
a result, urban systems are often more similar to each other  
than to their natural counterparts (Groffman et al. 2014).

The hierarchical filtering of wildlife communities in cities 
can directly and indirectly influence the function of ecosys-
tems (Fig. 1; Aronson et al. 2016). These shifts may occur 
at different scales, often through mediating species interac-
tions, habitat, and climatic filters, while nested within human 
socioeconomic and cultural frameworks (Fig. 1; Aronson 
et al. 2016). For example, at local scales, urbanization may 
impact wildlife populations directly through the construction 
of roads that affect wildlife mortality and fragment habitat 
(Forman and Alexander 1998). At the regional or city-scale, 
urbanization can lead to significant changes in microclimates 
associated with heat absorption by human structures, which 
cause warmer localized temperatures (i.e., urban heat island 
effect) and shifts in precipitation rates, which may serve as 
an ecological filter for thermally-constrained species (Magura 
et al. 2020). Additionally, indirect effects of urbanization at 
more local scales include the introduction of exotic species that 
may outcompete native fauna and flora (Colléony and Shwartz 
2020; Larson and Pool 2020; Mack and Lonsdale 2001) and 
increase the abundance of generalist species due to human-
facilitated supplemental food resources (Hansen et al. 2020). 
Individuals within species can then filter into or out of cities 
at different scales, based on the traits they share that facilitate 
the occupation of these novel urban spaces (Aronson et al. 
2016). Different species-level mean traits have been observed 
to pre-adapt mammal species to city living (e.g., Santini et al. 
2018; Suraci et al. 2021). Yet, how traits influencing ecosystem 
health and processes (i.e., functional effect traits; Lavorel and 
Garnier 2002; Weiss and Ray 2019) filter into urban environ-
ments remains untested.

Functional homogenization (i.e., the reduction of 
community-wide functional trait diversity) is an impor-
tant aspect of biotic homogenization, but has historically 

been understudied in mammal communities (Olden 2006; 
Rega-Brodsky et al. 2022). Functional diversity can be 
used to quantify how biodiversity governs ecosystem 
functioning, and accounts for how changes in community 
composition affect the diversity of or changes in func-
tional effect traits (Lavorel and Garnier 2002; Naeem 
et al. 2012; but see Lavorel and Garnier 2002 and Weiss 

Fig. 1   Urban mammal species pools, following a series of hypothe-
sized ecological and human modification filters, modified from Aron-
son et al. (2016) to reflect the multiple scales of our study approach 
(with analyses conducted at the urban species pool and local commu-
nity scales). Rectangular icons represent filters hypothesized to influ-
ence species pools (ovals) at multiple scales
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and Ray 2019 for information on response traits). Effect 
traits are specific traits expected to influence ecosystem 
services, health, and processes, such as by mediating 
nutrient cycling, trophic dynamics, species-interactions, 
or environmental footprint (de Bello et al. 2010, 2021). 
Measures of functional diversity then quantify how much 
the effect traits assessed within the community diverge, 
are distributed, or vary (Botta-Dukát and Czúcz 2016; 
Hillebrand and Matthiessen 2009). Greater diversity in 
functional traits is associated with increased resilience 
to environmental change (de Bello et al. 2021; de Battisti 
2021), whereas functional homogenization of mammal 
communities can reduce resilience and increase the pre-
cariousness to biotic change and stochastic environmental 
perturbations at scales from local communities to ecosys-
tems and continents (Olden 2006). For instance, function-
ally-similar communities may respond in similar ways to 
changes in their environment, resulting in less resilient 
systems compared to those with greater functional het-
erogeneity. Further, literature focused on homogenization 
of mammal communities suggests that species introduc-
tions may be more influential in community-level func-
tional similarity than species extinctions (Olden 2006; 
Spear and Chown 2008). Within the USA, specifically, 
past projections have revealed that urbanization may be 
the leading cause of biotic homogenization (Olden 2006). 
Since these projections were suggested, limited studies 
have focused on the functional homogenization of mam-
mal communities, which have been especially lacking in 
the USA.

Range expansion of generalist or synanthropic species 
with traits that facilitate the exploitation of anthropogenic 
systems can also drive functional homogenization in cit-
ies (Gossner et al. 2016; McKinney and Lockwood 1999; 
McKinney 2006; Morelli et al. 2020; Pacifici et al. 2020). 
These range expansions can result in increasingly homog-
enized wildlife communities, composed primarily of synan-
thropic species that are both taxonomically and function-
ally similar (Baiser and Lockwood 2011; Flynn et al. 2009; 
McKinney 2006; Morelli et  al. 2020). The species that 
inhabit anthropogenically altered ecosystems are directly 
influenced by the traits they share (Suraci et al. 2021), rang-
ing from body size, diet type and flexibility, to home range 
size. Dietary plasticity allows some animals to exploit vari-
able resources offered in anthropogenically altered ecosys-
tems (Bateman and Fleming 2012; Contesse et al. 2004), 
whereas smaller body sizes and home ranges can reduce 
the impacts of landscape fragmentation that are common 
in anthropogenic environments (Crooks et al. 2017; Suraci 
et al. 2021). Trophic position within an ecological commu-
nity further contributes to how species interact with humans 
and whether species may benefit from relaxed competition 
in areas with high anthropogenic activity (Moll et al. 2018; 

Suraci et al. 2019). For example, many mid-sized carni-
vores persist in urban spaces where larger predators are less 
common, or where they can outcompete and limit smaller 
carnivores (Bateman and Fleming 2012). However, whether 
mammalian species traits related to ecosystem health and 
function (i.e., effect traits) homogenize or differentiate in 
response to urbanization remains unknown.

We sought to add to the paucity of data on mammal com-
munity functional homogenization and trait responses to 
urbanization by using camera-trap data collected simultane-
ously across the contiguous USA. Specifically, we investi-
gated the influence of urbanization on ecosystem health and 
processes via alterations in species-level mammalian func-
tional effect traits by answering two main research questions. 
1) Does urbanization contribute to functional homogeniza-
tion within mammal communities in the USA (i.e., decrease 
in functional richness, functional evenness, and functional 
divergence) at two spatial scales (individual camera sites 
and entire camera arrays)? We predicted that urbanization 
would correspond negatively with each aspect of functional 
diversity (i.e., richness, evenness, and divergence) for traits 
expected to influence ecosystem health and processes across 
spatial scales. For each species identified in our study, we 
also assessed effect traits expected to be particularly affected 
by urbanization, such as traits corresponding with nutrient 
cycling, top-down/bottom-up ecological control, ecological 
footprint, and competition. 2) Do particular anthropogenic 
habitats correspond with greater representation of species 
with traits that pre-adapt species to exploit anthropogenic 
environments? If yes, we predicted that urbanization would 
correspond with decreases in diet specialization, body mass, 
and home range size (Suraci et al. 2021). Importantly, by 
understanding how and in what way species-level functional 
traits homogenize or differentiate in association with urbani-
zation in the USA, we can gain insight into how hierarchical 
filtering of mammal communities may affect ecosystem health 
and processes in general and at different spatial scales, thereby 
affecting ecosystem services and conservation objectives.

Materials

Study area

Snapshot USA (Cove et al. 2021) is a collaborative mammal 
survey that occurs across the USA each fall, using stand-
ardized methods. Our study used data from the inaugural 
sampling period (2019) in which data were collected by 
a network of 154 collaborators across 58 universities, 13 
non-profit organizations, and 15 government agencies. We 
removed records from Alaska and Hawaii due to geographic 
distances and extreme differences in species assemblages 
compared to those within the contiguous USA. Data in the 
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remaining subset were collected from a coordinated survey 
of 1,512 individual camera trap sites from 107 study arrays 
between August 17, 2019 and November 24, 2019. Camera 
sites ranged from 25.17º to 48.14º latitude and from -124.02º 
to -69.10º longitude. These camera trap arrays were located 
across all major ecoregions as delineated by Bailey (1995) 
and represented anthropogenic disturbance regimes across 
the country (Cove et al. 2021). This disturbance regime 
includes a wide variability in human population density 
(range = 0—76,975 per km2; median 5,697 per km2) and 
housing density (range = 0—1,945 per km2; median 9 per 
km2).

Data collection

Camera traps are an efficient means of non-invasive sam-
pling that adequately captures common and cryptic mam-
mal species alike (Kays et al. 2020). Camera trap arrays 
were established by researchers participating in Snapshot 
USA with the goal of obtaining comparable mammal com-
munity data. These arrays were variable in size and extent, 
with each array consisting of an average of 14.13 camera 
sites (SD = 8.01, range = 4—49), with a minimum of 400 
trap nights per array (Cove et al. 2021). Cameras were active 
for an average of 34.18 survey days (SD = 18.62, min = 1, 
max = 92), totaling 51,684 survey days. Evidence sug-
gests that cameras detect most species present at a site after 
approximately two-weeks, with detection of new species 
leveling off after approximately 30 days, including in more 
biodiverse regions (Kays et al. 2020). Camera trap settings 
and models were all reasonably comparable with fast trigger 
speeds (< 0.5 s), high-resolution photos, and infrared flash. 
Cameras were deployed ~ 30–50 cm off the ground and set to 
take 1–10 photos per trigger without a quiet period between 
triggers. Bait and scent lures were not used. We considered 
species detections at the same camera independent only 
when > 1 min apart. All observations underwent a two-stage 
review process to ensure species were properly identified. 
Further details on camera trap establishment and specific 
camera models can be reviewed in Cove et al. (2021), but we 
identified differences in sampling effort of arrays by explic-
itly including sampling effort as a factor in our mammal 
community modeling as explained below.

We used 163,334 unique detections of 71 mammal spe-
cies from across the contiguous USA (Supplementary Mate-
rial 1). The taxa represented in the data include wild mam-
mals weighing > 500 g that could be identified to species, 
as well as domestic cats (Felis catus), which were included 
because they often occur independently of humans as feral 
or semi-feral animals throughout the USA (Cove et al. 2018) 
and due to the substantial effects they can have on ecosys-
tem health and processes (Loss et al. 2013). However, other 
domesticated species that are most often detected due to 

co-occurrence with humans (e.g., domestic dogs [Canis 
lupus familiaris]) or species associated with agriculture, 
which is unevenly distributed throughout the USA (e.g., 
domestic cows [Bos taurus], domestic sheep [Ovis aries] 
and domestic horses [Equus caballus]) were excluded from 
our analyses. Although we recognize that domestic dogs 
have been demonstrated to kill wild and other domesticated 
species (Hughes and Macdonald 2013), most domestic dogs 
detected in this study were companion animals and accom-
panied by humans. Thus, we believe their ecological effect 
in this case to be minimal. Moreover, domesticated live-
stock were only present at a few locations; domestic cows 
only occurred at 15 sites across eight states, domestic sheep 
occurred at two sites, and domestic horses at 10 sites, most 
of which were linked to sites in agricultural or rural areas. 
We also omitted detections that could not be accurately 
identified to species, and we removed Mexican woodrats 
(Neotoma mexicana) and mountain cottontails (Sylvilagus 
nuttalli) from our analyses due to lack of available informa-
tion to calculate their traits.

To determine if functional homogenization of the mam-
malian community was related to land cover features and 
urbanization, we identified functional traits for each mam-
mal species assessed in our study (Supplementary Mate-
rial 1). We included average species-level traits related to 
nutrient cycling and top-down/bottom-up ecological control 
(body mass [Jones et al. 2009; Wilman et al. 2014], percent-
age of carnivorous diet [Wilman et al. 2014], percentage 
of scavenging in diet [Wilman et al. 2014], and percent-
age of seed consumption in diet [Wilman et al. 2014]), and 
ecological footprint (home range size [Jones et al. 2009]). 
Herbivory was not assessed, as the average percent herbivo-
rous diet was expected to be the inverse of the average per-
cent carnivorous diet (Wilman et al. 2014). Additionally, as 
our research questions focused on effect traits rather than 
response traits (Lavorel and Garnier 2002), we also did not 
include response traits or demographic traits in our analy-
ses. Additionally, response traits were not assessed as these 
require individual measures of organisms to identify how 
traits respond to changes in the environment (Weiss and Ray 
2019), which was not possible with our camera trapping 
methods. However, effect traits can be assessed at broader, 
species-level scales. As such, all traits were assessed using 
mean-values of species traits provided in openly accessible 
trait databases (i.e., Pantheria [Jones et al. 2009] and Elton-
Traits 1.0 [Wilman et al. 2014]).

We calculated functional richness, functional evenness, 
and functional divergence following Villéger et al. (2008). 
We used the dbFD function in the FD package (Laliberté and 
Legendre 2010) in program R (R Core Team 2021) to deter-
mine dissimilarity among quantifiable traits (Gower dissimi-
larity; Podani and Schmera 2006). We measured functional 
richness as the convex hull volume of the functional space 
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of the given community at the camera-site and the camera-
array scale, functional evenness as the regularity of the dis-
tribution within this volume, and functional divergence as 
the divergence in the distribution in this volume. Because 
the method applied is based on the volume of the functional 
space, we were unable to calculate values for camera-sites 
or arrays with < 3 species. Ecologically, functional richness 
represents the amount of niche space occupied by species, 
based on their trait features; thus, low functional richness 
predicted in more urbanized areas would represent fewer 
functional traits represented in the community and more 
resources left unused in the habitat (Mason et al. 2005). 
Functional evenness represents the distribution of the func-
tional niche space, with lower functional evenness represent-
ing an underutilization of resources in the habitat (Mason 
et al. 2005; Mouchet et al. 2010). Lastly, functional diver-
gence represents niche differentiation, so communities with 
low functional divergence would indicate greater overlaps 
in resource use, increased competition, and low ecosystem 
functioning (Mason et al. 2005).

When possible, we extracted environmental and habitat 
covariate data for our models at two spatial scales: the cam-
era site (a 100 m buffer around each site to represent the 
habitat and resources in the immediate vicinity of the cam-
era) and the camera array (a 5 km buffer, which is a large 
enough area to encompass most arrays, around the centroid 
of the camera array to represent the habitat and resources 
available across the study array). The list included abiotic 
(temperature, precipitation), land cover (impervious cover, 
agricultural land, wildland vegetation), urbanization (human 
population density, housing density, road density), and veg-
etation (Gross Primary Productivity) variables (additional 
details in Supplementary Material 2). Due to the resolution 
of the available layer, values of Gross Primary Productivity, 
temperature, and precipitation were extracted only at the 
array scale. Similarly, we only analyzed road density at the 
camera-site scale because camera sites within an array may 
be clustered towards areas either farther or closer to roads 
than what that mean may suggest (i.e., average road density 
for the array may not reflect the average road density expe-
rienced by the species detected at camera sites). This issue 
was alleviated with a smaller buffer used in the camera-site 
analysis, which is why we retained this variable only for 
the camera-site scale. We extracted the landscape variables 
using ArcMap v10.8 (ESRI, Redlands, CA) and QGIS v3.12 
(QGIS Development Team) and used weather station data 
for abiotic variables (Supplementary Material 2).

We ran a Principal Component Analysis (PCA) on the set 
of variables available at each scale to reduce dimensional-
ity, while retaining important, but correlated, variables and 
to carry a more direct comparison between analysis at the  
camera-site and camera-array scales. As a minimum, we retained  
all the components necessary to explain a cumulative  

variance of at least 80%. At the camera-site scale, this pro-
cess resulted in three components that we interpreted as  
urban development (51.1% of variance explained, named 
because of the large positive contributions of population  
density, housing density, and impervious surface cover and  
the large negative contribution of wildland vegetation),  
agricultural development (19.0%, named because of the  
large positive contribution of cultivated land and the large 
negative contribution of wildland vegetation), and suburban 
development (14.1%, named because of the positive con-
tributions of housing density, cultivated land, and wildland 
vegetation and the negative contributions of road density 
and impervious surface cover), for a total of 84.2% of vari-
ance explained (Supplementary Material 3). At the camera-
array scale, we retained the first four components, reaching 
a cumulative explained variance of 92.5%; we interpreted 
these components as urban development (41.6% of variance 
explained, named because of the large positive contributions 
of population density, housing density, and impervious sur-
face cover and the large negative contribution of wildland 
vegetation), primary productivity (23.8%, named because  
of the large positive contributions of gross primary produc-
tivity and precipitation), agricultural development (15.6%, 
named because of the large negative contribution of culti-
vated land and the large positive contribution of wildland  
vegetation, with negative associations reflecting selection  
of agricultural lands), and temperature (11.5%, named 
because of the large positive contribution of temperature, 
with no other associated variables contributing strongly to 
the principal component; Supplementary Material 3). Since 
we were unable to test along a true urbanization gradient  
due to the constraints of the Snapshot USA study design, 
we determined how the  dependent variables responded to a 
continuous assessment of urbanization and habitat features  
as represented within the principal components (PCs).

Statistical analyses

We characterized the mammal communities sampled by the 
Snapshot USA project (Cove et al. 2021) in 2019 to under-
stand how patterns in functional metrics (functional rich-
ness, functional evenness, and functional divergence) and 
traits composition in these communities were affected by 
anthropogenic and environmental factors.

Functional metrics  We first focused on the three functional 
responses: functional richness, functional evenness, and 
functional divergence, at the two spatial scales: camera-site 
and camera-array. At each scale, we assessed how the rela-
tive PCs identified in the previous step were associated with 
each of the three functional metrics.

Out of 1512 camera-sites, 539 (36%) detected < 3 spe-
cies. Consequently, it was not possible to estimate functional 
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metrics for these sites at the camera-site scale. To account 
for the zero-inflated nature of our data, we opted to run Hur-
dle models (Heilbron 1994) for assessing whether any of the 
PCs identified were important predictors of 1) determining 
the detection/non-detection of a functional value for a spe-
cific functional metric; and 2) the value of the functional 
metrics considered. Hurdle models are two-component 
mixture models consisting of a binomial regression describ-
ing the probability of detecting a quantity of interest and a 
second component that explores the truncated distribution 
of the non-zero values. For the first part of the model, we 
applied a logistic model (with logit link) to each response 
metric (e.g. functional evenness) after converting all the 
non-zero values of the functional metric to 1. For the second 
part of the hurdle model, we retained only camera sites in 
which functional values were > 0 and ran a zero-left trun-
cated linear regression model for each of the three metrics 
using package truncreg (Croissant and Zeileis 2018). For 
both components of the hurdle models, we added the num-
ber of active trap nights at a site to account for variability in 
effort at the different locations; we also included latitude and 
longitude to account for correlation in the spatial distribution 
of the sites in camera arrays, which we did not need to do for 
the camera-array scale (Supplementary Material 4).

At the camera-array scale, only 1 out of 107 sites had 
functional metric values equal to zero. Thus, we decided to 
only fit linear regression models at this scale to test if the 
three functional metrics were associated to one or more of 
the four PCs identified. We included the number of locations 
sampled per array (as a fixed effect) and number of active 
trap-nights (as an offset) to control for differential effort 
among arrays, after centering and scaling these variables 
(Supplementary Material 4).

Trait analysis  We assessed the effects of anthropogenic and 
environmental factors on the average trait values measured 
at each camera-site. To calculate the average trait values, we 
first identified each species detected at a given camera-site. 
We then took the average trait values calculated across all 
species detected based on the same values used in the func-
tional metrics analysis described above. Using these cam-
era-site-specific values, we then ran models assessing how 
the average trait values calculated at each camera-site were 
affected by the same PCs included in the functional met-
rics analysis. Since percent carnivory, percent scavenging, 
and percent seed dispersing were each highly zero-inflated, 

we elected to run Hurdle models on these variables, fol-
lowing the same two-component mixture model process 
as described in the functional metrics analysis above. This 
allowed us to model how each of the PCs affected both the 
detection of carnivores, scavengers, and seed dispersers, 
as well as the degree to which these traits occurred across 
camera-sites within our study system. Average home range 
size and body mass were analyzed using linear regressions 
models, as we did not detect zero-inflation in these values at 
the camera-site, and these traits were each log-transformed 
before analysis. As in the above analysis, we included cam-
era-site-specific trap nights, latitude, and longitude in each 
trait model to address variation in survey effort and spatial 
autocorrelation, respectively.

Finally, we repeated this analysis at the camera-array 
scale, using the PCs calculated as explained above for each 
location. To calculate camera-array specific trait values, we 
aggregated the mean value from each of the camera-sites 
with the array area. We chose this method instead of calcu-
lating a value similar to the process outlined for the camera-
site analysis to control for rare species with large trait values 
that may skew the results of a particular study site. In this 
manner, camera-array values become more reflective of all 
camera-sites contained within. As with the functional met-
ric analyses, we included the number of cameras deployed 
per project (as a fixed effect) and number of active trap-
nights (as an offset) to control for differential effort among 
study sites. We scaled all covariates at both the camera-site 
and camera-array scale prior to analysis so that they had a 
mean = 0 and a standard deviation = 1. All analyses were 
performed in R (R Core Team 2021), and statistical signifi-
cance was assessed at the ɑ = 0.05 level for all models.

Results

Functional metrics

Across all camera-sites, functional richness ranged from 
0 to 0.12 (mean = 0.04, SD = 0.04), functional divergence 
ranged from 0 to 0.99 (mean = 0.52, SD = 0.39), and func-
tional evenness ranged from 0 to 1 (mean = 0.53, SD = 0.40) 
(Fig. 2). At the camera-array scale, functional richness 
ranged from < 0.01 to 0.03 (mean 0.02, SD = 0.01), func-
tional divergence ranged from < 0.01 to 0.90 (mean = 0.80, 
SD = 0.09), and functional evenness ranged from < 0.01 to 
0.91 (mean = 0.79, SD = 0.10).

At the camera-site scale, the probability of getting a non-
zero value of one of the functional metrics considered (i.e., 
detection of functional divergence, evenness, and richness) 
was negatively affected by increasing suburban development 
(PC3-Camera) and positively affected by increasing urban 

Fig. 2   The nationwide camera trap survey of 1,512 individual camera-
trap sites from 107 camera-arrays, across the contiguous United States 
used to assess mammal community characteristics, i.e., functional 
richness (A), functional evenness and divergence (B). Camera-arrays 
each represent a mammal community. Mammal data were collected as 
part of the Snapshot USA program

◂
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(PC1-Camera) and agricultural (PC2-Camera) development. 
However, only the effects of urban and agricultural develop-
ment on the detection of functional richness, and suburban 
development on the detection of functional divergence and 
evenness were significant (p-values < 0.03; Fig. 3A).

Urban development (PC1-Camera) was positively asso-
ciated with functional richness (p < 0.01), yet lacked a sig-
nificant association with functional evenness and functional 
divergence (both p > 0.06). Agricultural development (PC2-
Camera) was positively associated with functional richness 
(p < 0.001), and negatively associated with functional even-
ness (p = 0.03). Functional divergence was not associated 
with agricultural development (PC2-Camera; p = 0.16). 
Finally, increasing suburban development was positively 
associated with functional evenness (p < 0.001), yet lacked 
associations with functional richness (p = 0.59) and diver-
gence (p = 0.13) (Fig. 3B).

At the camera-array scale, the responses to the four PCs 
were similar across the three functional metrics (Fig. 4). 
All functional metrics showed a strong positive association 
with urban development (PC1-Array; all p-values < 0.01). 
Primary productivity (all p-values > 0.15), agricultural 
development (all p-values > 0.07), and temperature (all 
p-values > 0.50) were not associated with any of the three 
functional metrics. The complete set of estimates of the 
functional metric analyses at the two scales are reported in 
Supplementary Material 4.

Trait metrics

Due to small numbers of detections across the entire Snap-
shot USA dataset, we were unable to assess the effects of 
our principal components on the seed dispersing trait value 
at the camera-site scale, as models failed to converge. 

Fig. 3   Functional divergence (FDiv), functional evenness (FEve), 
and functional richness (FRic) in relation to principal components at 
the camera-site level based on hurdle models. Panel A: Coefficient 
estimates (means and 95% confidence intervals) describing the prob-
ability of having a zero value in each of the three functional metrics 
considered. Panel B: For cameras in which the functional values 

were > 0, coefficient estimates describing relationship between the 
different functional metrics and the three PCs. Blue and red colors 
represent significant (p < 0.05) positive and negative associations, 
respectively, while gray represents no association between the two 
variables. The complete set of coefficient estimates is reported in the 
Supplementary Material 4
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However, we were able to obtain estimates for all other 
trait values (Supplementary Material 5).

At the camera-site scale (Fig. 5), all measured trait 
values were negatively associated with camera locations 
that had increasing measures of urban development (PC1- 
Camera; all p-values < 0.01). The probability of carnivore 
and scavenger detection was positively associated with 
camera locations that had increasing agricultural develop-
ment (PC2-Camera; both p-values < 0.01), while mammals 
with larger body mass were negatively associated with 
agricultural development (p = 0.02). Mammals with larger 
home ranges and body mass were positively associated 
with camera locations that had increasing suburban devel-
opment (PC3-Camera; both p-values < 0.01). Responses 
to the other covariates, which served more as controls for 
sampling effort and geographic clustering, were mixed 
across traits (Supplementary Material). A full summary  
of the camera-site trait metric analysis is available in Sup-
plementary Material 5.

At the camera-array scale (Fig. 6), mammals with larger 
body mass and home ranges were negatively associated with 
array sites with higher levels of urban development (PC1-
Array; both p-values = 0.01). Mammals with larger home 
ranges were negatively associated with study sites that had 
higher levels of primary productivity (PC2-Array; p = 0.03). 
Scavenging was positively associated with study sites that 
had more agricultural development (negative effect of PC3-
Array; p = 0.03). Carnivory, scavenging, and seed dispersing 
were all positively associated with study sites that had higher 
average temperature (PC4-Array; all p-values < 0.01). A full 
summary of the camera-array trait metric analysis is avail-
able in Supplementary Material 5.

Discussion

We used a large, standardized camera trap dataset to examine 
the relationship between urbanization and functional homog-
enization of mammal communities across the contiguous 
USA (Snapshot USA; Cove et al. 2021). Similar to previous 
studies’ projections on the homogenization of wildlife com-
munities along an urbanization gradient (e.g., Olden 2006), 
we predicted that urbanization in the USA would corre-
spond with biotic homogenization in mammal communities. 
Instead, we found that the overall pattern across mammal 
communities in the USA indicated that urbanization led to 
biotic differentiation with increases in each of the functional 
metrics at the camera-array scale and increased functional 
richness at the camera-site scale, which may reflect the traits 
characterizing the species within these communities.

Early studies (e.g., Sotherton 1998) indicated biodiversity 
loss for mammal communities is driven by human-mediated 
change; however, these studies overlooked the benefits of 
urbanization (e.g., increased resources and survival) and the 
various traits that allow many mammals to exploit human-
dominated environments. Exploitation of urban ecosystems 
is often by generalist or synanthropic species (Gossner et al. 
2016; McKinney 2006; McKinney and Lockwood 1999; 
Morelli et al. 2020), potentially leading to assumptions 
that human-mediated change leads to the functional simi-
larity of mammal communities. Instead, our results show 
that functional diversity in urban developments (i.e., areas 
with higher population density, housing density, impervious 
cover) is retained in communities with species characterized 
as having smaller body sizes, smaller home ranges, and a 
generalist diet. This may reflect commensal mammals taking 

Fig. 4   Functional divergence (FDiv), functional evenness (FEve), 
and functional richness (FRic) in relation to principal components 
at the camera-array level based on linear regression models. Coeffi-
cient estimates (mean and 95% confidence intervals) describing the 
relationship between the different functional metrics and the four 

PCs. Blue colors represent significant (p < 0.05) positive associations, 
while gray represents no association between the two variables. The 
complete set of coefficient estimates is reported in the Supplementary 
Material 4
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advantage of human-provisioned resources (e.g., anthropo-
genic foods/garbage) within smaller habitat patches in areas 
of heavy development, driving higher detections in urban 
environments compared to cameras placed within more rural 
areas (Mann et al. 2015).

Mammals with a smaller body mass and home range size 
were associated with urban development at both spatial scales, 
indicating these two traits’ importance across the urban land-
scape (e.g., Rytwinski and Fahrig 2011, 2012). Consequently, 
the largest mammals (e.g., moose [Alces alces]), as well as 
many large carnivores with large home ranges (e.g., gray 
wolves [Canis lupus], pumas [Puma concolor], and wolver-
ines [Gulo gulo]), are less likely to be present in urban envi-
ronments (Rytwinski and Fahrig 2011; Suraci et al. 2021). 
Larger species need more space on average than smaller spe-
cies and are also more vulnerable to the effects of roads, so 
their presence is greatly reduced in urban environments, lead-
ing to a trend in smaller body mass (Suraci et al. 2021).

We found that mammals with generalist diets (i.e., 
reduced rates of carnivory and scavenging specialization) 
were associated with urban development, but only at the 
camera-site scale. Urban environments offer substantial 
anthropogenic food sources (Bateman and Fleming 2012; 

Contesse et al. 2004), including human refuse, crops (i.e., 
fruit and vegetables), synanthropic rodents and birds, pets, 
livestock and road-killed animals, or food made available 
through deliberate feeding. Although community-wide 
analyses may not indicate the functional homogenization 
of mammals due to human-mediated change, a decrease in 
large carnivores and scavengers is likely to lead to future 
food web destabilization and reduced ecosystem resilience 
(Ripple et al. 2014; Sebastián-González et al. 2019). Car-
nivore and scavenger detections were positively associated 
with agricultural development, indicating that diet special-
ists may be restricted to the urban periphery. Realistically, 
diet flexibility may be a key trait that allows species to 
move into and exploit urban environments, and a follow-up 
study on trait plasticity would be valuable.

Functional metrics and associated traits were variable 
within agricultural and suburban land uses, both of which 
may represent moderate levels of development and distur-
bances on the landscape. While areas with more cultivated 
agriculture had greater functional richness and less func-
tional evenness at the camera-site scale, functional diver-
gence was not associated with cultivated lands at either 
scale. Compared to areas without development, mammalian 
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Fig. 5   Coefficient estimates (mean and 95% confidence intervals)  
from each model, in association with camera-site specific covariates, 
represented by their three camera-site PCs. The x-axis denotes the 
effect size and the y-axis lists the specific traits assessed. Blue and red 

colors represent significant (p < 0.05) positive and negative associa-
tions, respectively, while gray represents no association between the 
two variables
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functional diversity can substantially decline in areas of 
agricultural intensification due to the loss of diet special-
ists, specifically those specializing on fish, fruit, seeds, or 
nuts (Flynn et al. 2009). Suburban landscapes, which were 
represented as areas with increased housing density mixed 
with greater rates of cultivated lands in our principal com-
ponent analysis, may represent the land use gradient moving 
away from urban centers to more rural landscapes. Thus, 
mammal species with greater home range and body mass 
sizes were positively associated with this land use. Other-
wise, with the heterogeneous nature of landscape gradients 
at the intermediate, suburban stage (Padilla and Sutherland 
2021), it is no surprise that suburban development in our 
analyses yielded weak associations with functional metrics 
and limited associations to diet effect traits.

Climate variables had limited associations with the 
functional metrics and effect traits of mammal communi-
ties, as compared to anthropogenic land uses and cover. At 
global scales, species richness correlates with net primary 
productivity, precipitation, and temperature (Mittelbach 
et al. 2007), which could theoretically result in a positive 
association with functional richness as more species and 
their traits are represented in the community. However, we 
found that functional diversity metrics (i.e., richness, even-
ness, divergence of effect traits) were not associated with 
either temperature (PC4-Array) or primary productivity and 
precipitation (PC2-Array). We could only test these climate 
variables at the camera-array scale due to the resolution of 
these data; thus, associations between temperature and pre-
cipitation may strengthen if microclimate data collected at 
the camera were integrated into these models. Analyzing 

patterns at different spatial scales minimizes the chance of 
mismatch between the scale at which species respond most 
strongly to environmental and anthropogenic factors and the 
scale at which these responses are assessed (Mertes and Jetz 
2018) and it might highlight scale-dependent effects.

Although the Snapshot USA program is an excellent 
model for collecting large amounts of comparable data 
in a standardized sampling protocol, there are data limi-
tations to consider. Snapshot USA is a unique program 
that sampled a large geographic area, including locations 
in all 48 contiguous states, to yield an enormous dataset 
of mammalian community data captured in one discrete 
time period. However, one constraint in this study design 
was unequal sampling across the landscape. Contribut-
ing scientists selected their locations independently, and 
forested locations were the most frequently sampled land 
cover (Cove et al. 2021). While these data encompassed 
diverse land cover types, sampling was not stratified to 
represent a range of urban microhabitats and the sites were 
not set up on a rigorous urbanization gradient, with loca-
tions biased towards more urban areas. Sampling in urban 
areas was also likely focused on greenspaces in suburban 
and exurban communities rather than true urban cores. 
These wealthier suburban and exurban areas have greater 
resources for wildlife, and wealth can be as great a driver 
of mammal communities as urbanization (Magle et al. 
2021). In addition, sampling with camera traps limits the 
ability to detect very small mammals due to various sam-
pling constraints of the many contributing scientists. The 
data are also limited to the Snapshot USA sample period 
(mid-August to late November), which does not encompass 

Fig. 6   Coefficient estimates (mean and 95% confidence intervals) 
from each model, in association with camera-array specific covari-
ates, represented by their four camera-array PCs. The x-axis denotes 
the effect size and the y-axis lists the specific traits assessed. Note 
that for PC3, negative associations represent a positive response 

to cultivated lands  and a negative response to undeveloped land 
(i.e., wildland vegetation). Blue and red colors represent significant 
(p < 0.05) positive and negative associations, respectively, while gray 
represents no association between the two variables
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seasonal weather patterns that occur at most survey loca-
tions and likely influence mammal behaviors and detect-
ability. While these limitations should be considered and 
accounted for, the Snapshot USA program will likely con-
tinue for many years, providing a wealth of ecological data 
for exploring multi-scale changes in mammal communities 
across the USA (Cove et al. 2021).

Our study provides evidence that urbanization may 
not result in functional homogenization of mammal com-
munities, but instead may increase functional richness of 
mammals and their ability to preadapt to anthropogenic 
environments. The ecological consequences of urbaniza-
tion are complex and often linked with reduced ecosystem 
integrity, resilience, and function (Flynn et al. 2009; Foley 
et al. 2005; McKinney 2006). Our findings demonstrate 
that understanding both the positive and negative effects of 
urbanization on diverse members of the mammal commu-
nity are critical for establishing effective management and 
conservation strategies in an increasingly human-dominated 
global ecosystem. Overall, our findings indicate that land 
use intensity more strongly explained variation in mam-
mal community assemblages at both the camera-site and 
-array scales, while climate variables were not associated 
with mammalian functional diversity in the USA. Small- 
and large-scale actions within the urban landscape, such as 
increased development of green infrastructure and broad-
scale biodiversity initiatives to stabilize food web trophic 
levels, may positively contribute to the resiliency of urban 
mammal communities. Beyond these efforts, we would ben-
efit from future research that identifies the extent of vari-
ation and plasticity of mammalian traits, specifically diet 
patterns across urban gradients, as this may either constrain 
or enhance mammalian functional diversity with increasing 
levels of urbanization at multiple scales. We also encour-
age ecologists to use large-scale datasets when examining 
human-mediated global changes, as well as the use of mul-
tiple metrics to define urbanization and provide nuanced 
understanding of its effects. Overall, it is becoming increas-
ingly more apparent that a diversity of wildlife exists in 
these urban landscapes and it is imperative that we better 
understand how to preserve the functioning of these ecosys-
tems, both for the sake of wildlife and humans inhabiting 
these areas.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11252-​023-​01338-8.
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