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ABSTRACT

How societal, ecological and infrastructural attributes interact to influence wildlife movement is uncertain. We explored whether
neighbourhood socioeconomic status and environmental quality were associated with coyote (Canis latrans) movement patterns

in Los Angeles, California and assessed the performance of integrated social-ecological movement models. We found that coy-

otes living in more anthropogenically burdened regions (i.e. higher pollution, denser development, etc.) had larger home ranges

and showed greater daily displacement and mean step length than coyotes in less burdened regions. Coyotes experiencing differ-
ing levels of anthropogenic burdens demonstrated divergent selection for vegetation, pollution, road densities and other habitat
conditions. Further, movement models that included societal covariates performed better than models that only assessed ecolog-
ical features and linear infrastructure. This study provides a unique social-ecological lens examining the anthropogenic drivers
of urban wildlife movement, which should be applicable to urban planners and conservationists when building more equitable,

healthy and wildlife-friendly cities.

1 | Introduction

Globally, urbanisation is bringing people and wildlife into increas-
ingly closer contact with one another (Jenerette and Potere 2010;
Schell et al. 2021; Soulsbury and White 2015). This closer contact
can lead to deleterious effects, such as human-wildlife conflicts
(Gilleland 2010; Murray, Cembrowski, et al. 2015), biodiversity
loss (McDonald et al. 2013) and increased stress and disease sus-
ceptibility for wildlife (Murray et al. 2019). These effects are likely
to worsen with climate change (Abrahms et al. 2023). Yet some
species can exhibit resilience or even thrive in urban landscapes
(Rodewald and Gehrt 2014). Within cities, animal movements can

help researchers and managers to understand what constitutes
usable habitat and connectivity (Beaujean et al. 2021; Braaker
et al. 2017; Kirk et al. 2023; LaPoint et al. 2015), and which an-
thropogenic barriers and threats may inhibit dispersal, forag-
ing, reproduction and other key behaviours (Byers et al. 2019;
Grubbs and Krausman 2009; Kobryn et al. 2022; Voigt et al. 2020).
Movement analysis is thus an important tool for approximating
the unique needs and survival tactics of urban wildlife (Ryan and
Partan 2014). With accelerating global urbanisation, it is critical
to examine how wildlife move through cities across scales, and in
turn determine how humans and wildlife can successfully coexist
in these tightly coupled human-natural ecosystems.
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Most urban wildlife behaviour studies focus on urban-rural
comparisons, with the relative proportion of green space to
grey space (i.e., the built environment) as the main environ-
mental covariate explaining behavioural divergence in urban
taxa (Ditchkoff et al. 2006; Swanwick et al. 2003). These stud-
ies have emphasised habitat-driven connectivity between
urban green spaces (Coulson et al. 2014; Ignatieva et al. 2011).
Additional studies have shown that anthropogenic distur-
bances—such as linear infrastructure and human activity—
can disrupt (Doherty et al. 2021; Poessel et al. 2014) or facilitate
(Hill et al. 2020; Maclagan et al. 2019; Niesner et al. 2021) an-
imal movements, with additional emerging research into the
impacts of human mobility on wildlife activity (Ellis-Soto
et al. 2023). However, there have been recent calls to examine
how human societal factors may work in tandem with ecology
to dictate animal movement and connectivity (Williamson
et al. 2023; Wilkinson et al. 2024).

Societal factors that are relevant to urban wildlife extend
beyond linear infrastructure and human activity and can
include socioeconomics, values, perceptions, political prefer-
ences, and anthropogenic pollutants (Dickman 2010; Ditmer,
Niemiec, et al. 2022; Murray et al. 2019). Previous research
has explored how socioeconomic factors, such as ‘luxury ef-
fects’ (i.e., wealth; Hope et al. 2003) and ‘legacy effects’ (i.e.,
redlining; Wilson 2023) influence urban wildlife occupancy
and biodiversity due to habitat heterogeneity linked to these
effects (Leong et al. 2018; Magle et al. 2021; Schell et al. 2020).
Wealth is a dominant predictor of urban black-tailed deer
habitat selection due to preferences for landscape features
linked to affluence (e.g., house size, green space access; Fisher
et al. 2024). Chemical pollution, meanwhile, can alter wild-
life movement and social behaviours (Bertram et al. 2022;
Saaristo et al. 2018). Evidence also suggests that human
perceptions and political leaning dictate wildlife landscape
permeability, especially for controversial species (Ditmer,
Wittemyer, et al. 2022; Sage et al. 2022; Wilkinson et al. 2024).
Despite their importance, we have yet to determine whether
integrating societally driven landscape features into animal
movement models may yield a better understanding of wildlife
decision-making than ecological models alone.

Incorporating societal factors, linear infrastructure and eco-
logical factors together in animal movement models may yield
a myriad of benefits. Such integrations may help us to better
determine where human-wildlife interactions will most likely
occur (Gonzalez-Crespo et al. 2023; Lischka et al. 2018) and to
mitigate conflicts accordingly through improved urban design
(Hwang and Jain 2021; Kay et al. 2022) and community engage-
ment (Ceausu et al. 2018; Puri et al. 2024; Wilkinson, Caspi,
et al. 2023). Recent work has noted that wildlife connectivity
planning should consider societal, economic and institutional
factors to develop the most effective and long-lasting wildlife
connectivity practices (Williamson et al. 2023). Importantly,
connectivity is key to fostering biodiversity even within urban
areas (LaPoint et al. 2015), and sociocultural factors dictate
whether cities may fulfil their potential contributions to bio-
diversity conservation (Aronson et al. 2017). Building soci-
etal factors into urban wildlife movement models can thus
advance the transdisciplinary approaches needed to assure

biodiverse, wildlife-inclusive cities (Kay et al. 2022; Lambert
and Schell 2023).

The coyote (Canis latrans) is a behaviourally flexible carnivore
that has expanded its range across North America over the last
century (Hody and Kays 2018) and has been the subject of con-
siderable publicity and debate (Draheim et al. 2019; Niesner
et al. 2024). Coyotes may serve as bioindicators of urban eco-
logical health, since their residence in highly developed areas
and reliance on anthropogenic food correlate with stress and
disease (Murray, Edwards, et al. 2015; Raymond et al. 2024;
Robertson et al. 2023). Urban coyote movement also differs
from their rural and wildland counterparts (Chamberlain
et al. 2021; Chamberlain et al. 2000; Holzman et al. 1992; Way
et al. 2004), with urban individuals occasionally demonstrat-
ing smaller home ranges and shorter travel distances. Further,
urban coyotes show greater exploration and boldness relative
to rural conspecifics (Breck et al. 2019). Their behavioural
flexibility and ability to persist across development gradients
(Grinder and Krausman 2001) make this species an ideal can-
didate for testing the efficacy of integrating societal, linear
infrastructure and ecological factors to predict urban wildlife
movement.

Here, we addressed the gap in social-ecological wildlife move-
ment analysis using coyotes in Los Angeles County, California.
Los Angeles encompasses dramatic gradients of wealth, green
space availability and linear infrastructure density, providing an
ideal location to test hypotheses oriented around social-ecolog-
ical systems. We used a coyote movement data set to answer the
following questions: (1) How are coyote home ranges structured
along heterogeneous social-ecological gradients? (2) Which fac-
tors best predict coyote movement patterns? and (3) How does
coyote movement differ across varying levels of environmental
health and vulnerability? We hypothesised that integrating soci-
etal (pollution burden, median income, population density, noise
pollution, building density, development intensity), linear infra-
structure (i.e., features known to serve as distinct barriers and/
or conduits for wildlife: road density, distance to flood channels,
distance to railways) and ecological factors (vegetation green-
ness, distance to freshwater, distance to green spaces) would
better predict coyote space use and movement than ecological
factors alone (Figure 1), with our detailed hypotheses listed in
Table 1.

2 | Methods
2.1 | Study Site

We conducted this study in Los Angeles County (>95%
of the study area) and San Bernardino County, California
(34.106357, —118.279013). Los Angeles County has a human
population density of 952.5 people/km? (United States Census
Bureau 2023). Natural spaces within the county are inter-
spersed with intense urbanisation, major freeways and ag-
ricultural regions. Los Angeles County has a Mediterranean
climate with the driest, hottest periods comprising May-
October (i.e., ‘drier season’) and the coldest, wettest periods
comprising November-April (i.e., ‘wetter season’). Coyotes
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Conceptual figure describing the hypothesised integrated effects of societal, linear infrastructure and ecological factors on urban

coyote movement characteristics and habitat selection across differing levels of anthropogenic burden. Coyotes in more anthropogenically burdened

regions (i.e., higher pollution burden, road densities, development intensity and lower income) are hypothesised to have larger home ranges (a) with

increased movement metrics like daily displacement or step length (c). Individuals across anthropogenic burden gradients may also show divergent

selection patterns (b) and strength (d) in response to environmental covariates, whereby more burdened individuals exhibit stronger selection for

ecological variables and selection against societal covariates, relative to lower burdened conspecifics.

occur throughout most of the study area, though their county-
level populations have not been empirically estimated.

2.2 | Data Collection

2.2.1 | GPS Collars

In October 2019, for a separate study that was later cancelled,
we outfitted 20 coyotes (6 females and 14 males) with GPS
collars (Ecotone, solar powered, GPS/GSM/UHF), which re-
mained active between 1 and 23 months. All captured coy-
otes were collared with the intention of achieving an equal
sex ratio over time; however, this was not possible. Fix rates
varied across coyotes and ranged between 15min and 2h to
extend collar battery life.

2.2.2 | GISData

Geospatial covariates for coyote movement models comprised
ecological, linear infrastructure and human socioeconomic and
environmental health (hereafter ‘societal’) variables. All geospa-
tial covariates (see detailed sources in Table S1) were rasterised
to 30 m? spatial resolution using ArcGIS Pro v 3.1.1 (ESRI 2023).
For the ecological covariates, we considered (1) normalised dif-
ference vegetation index (NDVI) from spring 2021 (Landsat 8),
(2) distance to rivers and streams (California Department of

Fish and Wildlife 2020), (3) distance to lakes (California State
Geoportal 2021) and (4) distance to green spaces, including ()
county parks (County of Los Angeles 2022), (b) golf courses and
(©) cemeteries (City of Los Angeles 2023). Importantly, in arid
regions, green spaces will not always have a notable vegetation
greenness signature.

For the linear infrastructure covariates, we considered (1) road
density, (2) distance to storm and flood channels and drains
(County of Los Angeles, 2023) and (3) distance to railways
(California Rail Network 2022).

Finally, we considered the following societal covariates: (1)
human population density (United States Census Bureau 2023),
(2) building density (Dao 2020), (3) development intensity
(National Land Cover Database (NLCD) 2019), (4) median in-
come (County of Los Angeles, 2023), (5) noise pollution and (6)
pollution burden percentile (Cal Enviro Screen 4.0). Population
density and building density can describe different aspects
of a city's population (i.e., population density is important in
residential areas, while building density is relevant across
zones). Development intensity was reclassified as 0=no data,
1=undeveloped land cover classes, 2 =developed: open space,
3=developed: low intensity, 4 =developed: medium intensity
and 5=developed: high intensity. Cal Enviro Screen provides
a pollution burden index that is calculated from 13 metrics re-
lated to drinking water characteristics, groundwater quality,
air quality, soil pollutants and hazardous waste.

30f 16



(senunuo))

(0202 "B 12 [[PYDS 80T '[& 12 SU0ST H20T 'Te 12 JAYSL {070T ‘[E 12 UTB[IIUIBYD)) JUSWISAOUI
[EWIUE PUE AJISISATPOIQ SOUIN[FUT IS} ‘SUONIBIO] SUIOJUT-YSIY UeqIN YIIM PAJRIOOSSE ‘Saoeds
U213 0) SS300E IOW PUE ISA0D 331} PISBAIIUT SB YINS ‘SOIN0SAI 81301009 9[qersjard a1e a1y L,

(0702 'T& 12 YIINA (6007 UBTUSNEIY]

pue sqqnio 8661 WUILL, pue Ioyeq) pasu Arewlid e S8 S90IN0S 19)em UBQIN JNO Y99S OS[E PUE SISINOD

J108 pue sa1193ourdd ‘syred se yons sooeds Usa13 urqIn IN0ALRY A[[RISUSS pUE UT USP 0} UMOUY Uq

dARY $9)0£09 ‘SBATE [RINI SNSIOA SO UT d[qe[IeAR JB)Iqey 910400 Jeinjeu, ssof A[oane[ar aydseq 4

(810C Jwey pue ddod 107 'Te 39 [95S904

‘1Z0Z ' 19 IOUSAIN STOT 1Te[D IS Pue ARLINIA {610T '[® 10 UBSB[ORIA ‘0Z0T ‘T8 19 [[TH ‘600T 19U
1202 T8 39 £319Y0( ‘6T0T ‘T€ 19 SOIUSLIIBY ) JUSWAOW JJBII[IOBF ULD IO JI[P[1A 0} SIBIIqeY IO SIdLLIRq

SB 9AI9S UBD ‘S[OUURYD POO[J PUE SJUSWISEI ABM[IBI ‘SOOUDJ ‘SPLOI SB YONS ‘DINJONIISBIJUI ILUIT '€
(STOT "T® 32 UOUUBYS ‘900 'T€ 32 JOYYNII €TOT ‘T€ 39 INOYNIdg) [EAIAINS PUE SSIU[[I ‘SSIIIS “TNOIABYq
SJITpIIM Joedur ued ‘uonnyiod asiou pue uonnyiod [BIUSWUOIIAUS s yons ‘syueinfjod sruadodoryuy g

(L00T "T& 19 SIOYIIN-IIYIAOYTRIN ‘TZOT T& 19
o18RIN ‘8T0T 'T® 19 U097 {TZOT ‘T8 19 ISNOPPOYD (70T T8 19 “TOAWLNIM “IoUNI( ‘ZZ0T T8 19 “OSTWRIN
ounId ‘€707 ‘Te 19 ZoIrUuZY) asn adedspue] 9 I[p[im pue £30[009 uo sjoeduwil SUIpeISed 9ARY UBD

‘Kysuayul Juawdo[aaap pue Asuap uonerndod ‘suondosorad ‘yireom se Yons ‘s10joej [BIS100S UeWINH T

(8T0T 'T& 19 0ISLIBES {ZZOT T 19
weI}1og) JUSWISAOUW PUE SINOIABYSQ JI[P[IA UI SUOIIBI)[E 0} PA[UI] Ud3q sey uonnjod [edrway) °¢
(9002 'Te 32 193oMBI], ‘8007 T8 12 pIWold 70T ‘Te 19 AeLIn\

‘€202 TR 19 19AQ ‘1661 ‘T 32 spI1yD) (dds snyrny) sye1 se yons sjewrtue A21d o1doryjueuLs pajeroosse
pUE 3SNJOI PaINIISUN 0} SSAIIE IOW 1M S9)0L02 ap1aoid Aewr sUOIZAI paatasiopun ‘pajnjjod 10N ‘T
(8107 "T® 19 0ISLIRES ‘6T0T ‘T 19 ARLIN]A)

Ayriqowt 1193 109)5® A[Teriuajod ued Yorym ‘9seasIp pue SSaIis o [[p[Im 03 9)nqriiuod sjueinod ueqin ‘1

(T20Z ‘T8 10 ToUSAIN {6107 'T& 10 UBSeIRI (6007 I9UID]) S2INIEa] 3SY) YIIM
soords urqIn UIYIIM ANATIOSUUO0D SUISBAIOUT “QI[P[IAM URQIN IO SIOPLIIOD SB JAISS
UL AINJONIISLIJUI TBIUI] JOYJ0 I0J SJUSWIASES PUER SUTRIP WLIO}S ‘S[OUUBYD POO[]

(F10T "Te 32 [95890d ‘STOT IIe[D IS puE AeLlIn ‘170T ‘T 39 £1184o)
SO[OTYQA 03 oNp SYIeap SJI[PIIM YSnoIy) pue 1edJ S I[P[IM YSNOIY) JUSWIAOW
Gunyuaaaid “oJIpIm [eINI pUuE UegIN Y)0oq 0} SIdLLreq Jofewr asod ued skemy3iyg

QWOOUT UBIpoW [enuue Y3y yirm
spooy10qUSIau 10 J09[3s 0) A[YI] 2I0W Ik
90BJISUI PUB[P[IM-UBQGIN 3] UO SAJ0L0D

;suraned

JUSUWAAOW 9)0A0D JO
s10301pa1d 159q ) 218
—9s91]} JO UOT}BUIqUIOD

'S[qEIIBA [8O1S0[009 PUE ‘OINJONIISBIFUT ® 10 Te2150[099
Ieaul] ‘TeIRI00S JO UONBUIqUIOD € AqQ 2INJONISLIJUL 18U
Pa3o1paid 3$2q SI JUSWIAOW 3J0L0 UBQIN ‘T8319100S—S10398] YOTY A\

seare pajnyjod sso[ ur SUIAI] S9J0£0D
uey) soSueI SWOY IS[[BWS dARY SBIR
painyjod a1ow ut UIAI] $930£0D)

soguel swoy Io31e] A[2ANR[I 9ARY
sague owoY I1OY) UIY)IM SUTRIP ULIO)S pue
S[oUUBYD POO[J SI0UWI dARY JBY} S9J0L0D

sAemygIy Jofew woiy I9y)Ie] oIe
soguel asoym $9)0L0d Uey) saguel
Quwioy I9[[ews dARY sAemydiy Jofewr

m A
0} Judde[pe a1 sofurI 9S0YM S9)0K0D) iSTUoIpeIS (201901000

(9T0T 'T® 30 YIWS ‘TZ0T ‘Te 30 uoyS1o7 710 SUrW[] pue uewajeq) SUOIB0[ PIZIULBQIN AJOSUIP SSI[ UI IS0} ~[B100S SNOaU3301913Y
93e10j pue juny 03 19Y3InJ d3uel 0} SUIPIIU SAIOATUIRD UeqIN-11od pue ueqIn uey) saguel swoy 1931e] 9ARY A0 Y} JO uore painjonys soduel
0} 3urpeo] ‘Aa1d 03 ss909® 10 Aa1d 9391dop ued Juowdoraaap oruadodoIyiuy sy1ed paziueqin A[osUp 2I0W UT $930£0)) w0y 9)0£02 218 MOH
uonedyIIsSns stsoyjodAH uonsanQ

“RIUIOJI[BD ‘S9[e8Uy SO'T Ul (SUD4ID] STUD) S9I0A00 UBQIN JO JUSWDAOW pue asn adeospue] Jo s103o1paid [eo130[009-1e100s Surpredar sasoyjiodAH | T ATAV.L

Ecology Letters, 2025

40f 16



| (Continued)

TABLE 1

Justification
1. Lower-income areas are more likely than high-income areas to experience a lack of access to quality

Hypothesis
Coyotes in densely populated urban areas

Question

municipal services (i.e., Feigenbaum and Hall 2015), meaning unsecured refuse may be more common

are less likely to select for neighborhoods

(Sprague et al. 2022)
2. Lower-income urban areas are more likely than high-income areas to have higher densities of

synanthropic wildlife that constitute coyote prey, such as rats (Rattus spp.) and raccoons (Procyon spp.)

with higher annual median income

due to access to waste (Bozek et al. 2007; Childs et al. 1991; Dyer et al. 2023; Murray et al. 2024)

1. Both urban and rural coyotes tend to spatiotemporally avoid people (Gehrt et al. 2009; Wang

Within their home ranges, coyotes select

et al. 2015)
2. Urbanisation is correlated with lower quantity and quality of wildlife habitat (Liu et al. 2016)

for regions with lower population density

Linear infrastructure can serve to facilitate wildlife movement through human-dominated landscapes

Within their home ranges, coyotes select

(Clarke et al. 2006; Fletcher 2009; Maclagan et al. 2019; Niesner et al. 2021; Popp and Hamr 2018)

for flood channels and railways

Anthropogenic pollutants affect wildlife stress, behaviour and health (Berkhout

Within their home ranges, coyotes use areas

et al. 2023; Ditchkoff et al. 2006; Shannon et al. 2015) and are linked to

with lower levels of environmental pollutants

lower habitat quality and resource availability (Scanes 2018)

2.3 | Analyses
2.3.1 | Home Ranges and Movement Characteristics

Relevant spatial covariates were summarised at the home range
level for each coyote using ArcGIS Prov.3.1.1 (ESRI 2023), and sta-
tistical analyses were conducted in R v.4.3.2 (R Core Team 2023).
Using the ‘adehabitatHR’ package, we determined the 50% (core
range) and 95% kernel utilisation distribution (KUD) for each coy-
ote and calculated their home range sizes per level. We calculated
mean NDVI, pollution burden, median income, road density, de-
velopment intensity and human population density for each home
range and used linear regressions and Mann-Whitney U tests to
determine relationships between home range size and social-
ecological landscape characteristics, including comparing means
across levels of anthropogenic burden (i.e., higher vs. lower NDVI,
development intensity, median income, pollution burden, popula-
tion density, development intensity and road density).

To understand the relationship between social-ecological land-
scape covariates and coyote movement characteristics, we used
Wilcoxon rank-sum tests to compare means for two key movement
metrics—mean daily displacement and step length—across sex,
across season and across lower vs. higher anthropogenic burden.

2.3.2 | Resource Selection

To examine coyotes' landscape feature selection, we derived re-
source selection functions (RSFs) using the ‘lme4’ package. To
reduce autocorrelation, we rarified data to 2-h fixes for a total of
93,670 fixes and generated random points within 95% KUD home
ranges, with generated ‘available’ points equaling three times
the number of GPS fixes within each coyote's home range. We
tested for collinearity among the covariates using the vif function
in the ‘car’ package (Fox et al. 2007). Using the ‘raster’ package
and base R, we centred and scaled covariates (mean=0, SD=1)
to facilitate interpretability and model convergence. We assessed
resource selection using generalised linear mixed effects models
with a logit link, with coyote identity as a random effect to con-
trol for individual variation in behaviours (Gillies et al. 2006).
We tested the following models: (1) a global model, (2) a model
containing only societal covariates, (3) a model containing only
ecological covariates and (4) a model containing only linear in-
frastructure covariates. Data were analysed in aggregate and also
subset into the following groups, as indicators of potential an-
thropogenic burden on coyotes: (1) coyotes with less polluted and
more polluted (more burdened) home ranges (i.e., below or above
the 50th percentile), (2) coyotes with home ranges consisting of
lower or higher (more burdened) human populations than the
average across all coyote home ranges and (3) coyotes with home
ranges in wealthier or less wealthy (more burdened) regions than
the average across all coyote home ranges. We used Akaike's
Information Criterion (AIC) to determine the best-performing
models (Burnham and Anderson 2002).

2.3.3 | Step-Level Selection

To understand how coyotes move in relation to landscape fea-
tures at the step scale, we derived step selection functions
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(SSFs) using the ‘amt’ (Signer et al. 2019) and ‘survival’ pack-
ages (Therneau 2015). After creating tracks from the data using
the mk_track function, we thinned the data to 2-h fixes for a
total of 33,378 steps (mean step length =414.9 m) and filtered the
data so bursts would have at least 3 points (Signer et al. 2019).
We chose 2-h fixes since only a smaller subset of our sample in-
dividuals had finer fixes available. We generated five random
steps per used step using the random_steps function, which uses
a gamma distribution fitted to the entire dataset to derive step
lengths and derives turn angles from a von Mises distribution
(Thurfjell et al. 2014). Covariate scaling and model comparisons
reflect our RSF analyses, though for SSFs, we only conducted a
global model across all coyotes. To reduce autocorrelation, we
used individual coyotes as a cluster term, following the 20 mini-
mum clusters recommended by Prima et al. (2017) and reported
on robust standard errors (Nisi et al. 2021; Prima et al. 2017;
Roever et al. 2010; Suraci et al. 2020). We estimated coefficients
by fitting conditional logistic regressions on covariates. We
considered the log of step length (i.e., speed of movement) and
cosine of the turning angle (i.e., directionality of movement) as
interaction terms with linear infrastructure since linear infra-
structure can influence carnivore behavioural states (Abrahms
et al. 2016; Thorsen et al. 2022), and with NDVT since we ex-
pected coyotes to move more cautiously in places with less veg-
etative cover. We used the quasi-likelihood independence model
criterion (QIC) to determine the best-supported models.

3 | Results
3.1 | Home Range and Movement Characteristics
The mean 95% KUD home range size (Figure 2) was 26.12km?

(95% CI=13.04, 38.96) and the mean 50% KUD home range
size was 4.56km? (2.11, 6.65) (Table S2). Home ranges with

higher pollution burden were larger than home ranges with
lower pollution burden (Figure 3a, Table S4). Human pop-
ulation density was positively correlated with core (50%)
home range size (§=0.173, p<0.0001, R2=0.94). NDVI was
marginally negatively correlated with core home range size
(B=-0.002, p=0.001, R?=0.14). Road density, income and
development intensity were not significantly correlated with
home range size.

Home ranges with higher pollution burden had lower mean
NDVTI and income and higher mean road density, population
density and development intensity (Table S2). Males' home
ranges had higher mean pollution burden, road density, human
population density, development intensity and parks access than
did females' (Tables S2 and S3).

Movement characteristics demonstrated impacts of landscape
vulnerability on coyote movement (Figure 3; Figure S1). Mean
coyote step length was significantly higher during the drier sea-
son and for coyotes with home ranges in regions of lower NDVI,
lower income, higher population density, higher road density
and higher development intensity (Figure 3d, Table S5). There
was no significant difference in step length across sex and pol-
lution burden. Mean daily displacement was greater for females
and for coyotes in regions of lower NDVI, lower income, higher
road density, higher population density, higher pollution burden
and higher development intensity.

3.2 | Resource Selection

When assessing multicollinearity among our spatial covari-
ates (Table S6), we found that noise pollution and road density
were highly correlated (>0.7) and thus removed noise pollution
from our models since roads are ecologically important as both

2 coyote Territories []| |

— Railways

b p £
o
"0:: Coyote Territories []
5 Population Density |
e [l Hish il

0
7 o
o B

s_u: Coyote Territories ]

% Median Income
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Beach. SottaMesa._ Or o
Low f

FIGURE2 | Home ranges (derived from 95% KUD) for the 20 coyotes tracked for this study, overlaid on a subset of the societal, ecological and lin-
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FIGURE 3

| Box plots demonstrating coyote home range sizes, mean daily displacement and mean step lengths across levels of anthropogenic

burden (higher and lower pollution burden and development intensity), for 20 coyotes tracked in Los Angeles and San Bernardino Counties from
2019 to 2021. Higher pollution burden is calculated as having a 95% kernel utilisation distribution (KUD) home range with a mean pollution burden

above the 50th percentile. Higher population density is calculated as having a 95% KUD home range with a mean population density that is above

the average for our sample.
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FIGURE 4 | Results from resource selection function random effects models including all covariates for (a) coyotes living in regions of higher or
lower pollution burden, (b) coyotes living in regions of higher and lower median income and (c) coyotes living in regions of higher and lower human
population densities compared to the estimates from the global model including all sampled coyotes. Ecological covariates are colour-coded green,
linear infrastructure covariates are grey, and societal covariates are yellow. 95% confidence intervals were included yet smaller than the coefficient

markers and are thus not visible.

barriers and attractants for mammalian carnivores (Poessel
et al. 2014).

3.2.1 | Resource Selection for all Sampled Coyotes

The best-performing global models (AAIC <2) included (1) all
covariates and (2) all covariates except distance to cemeteries
(Table S7). In the random effects model, including all covariates
(Figure 4), coyotes exhibited strong selection for NDVI, road
density, rivers, flood channels and railways and against income,
building density, population density, lakes, golf courses, ceme-
teries and development intensity. Of these, the most pronounced
effects were selection for railways (8=-0.212, 95% CI=-0.232:
—0.192, p<0.0001) and road density (8=0.195, 0.176:0.212,
p<0.0001) and against development intensity (8=-0.504,
—0.517:—0.491, p<0.0001) and pollution burden (f=-0.412,
—0.428: —0.397, p<0.0001).

3.2.2 | Resource Selection for Highly Burdened vs. Less
Burdened Coyotes

Coyotes with home ranges in locations of higher pollution burden
selected against higher income locations and rivers and selected
for parks and lakes, while less-burdened coyotes showed the op-
posite patterns (Figures 4a, 5, Table S7). Selection against human
population density, development intensity and pollution burden
was stronger for more burdened coyotes, with weaker selection for
flood channels and railways compared with less burdened coyotes.

Coyotes with home ranges in locations of lower (i.e., more bur-
dened) median income selected for parks and lakes and selected
against rivers and channels, whereas less-burdened coyotes
showed opposing patterns (Figures 4b, 5, Table S7). More bur-
dened coyotes also demonstrated stronger selection for NDVI,
railways and road density; stronger selection against building
density and weaker selection against pollution burden relative
to burdened coyotes.

Coyotes with home ranges in locations of higher (i.e., more
burdened) human population density selected against rivers
and flood channels and selected for golf courses and pollution
burden, whereas less-burdened individuals showed the oppo-
site patterns (Figures 4c, 5, Table S7). Selection for NDVI and
railways and against building density was stronger for burdened
coyotes, with weaker selection against development intensity
and median income relative to less-burdened coyotes.

Across all data subsets (including the full data set), the societal
model always performed the best among the partitioned ecologi-
cal, societal and linear infrastructure models (Table S8).

3.3 | Step Selection

The best-performing SSF models included three interaction
terms: median income: log(step length), NDVI:log(step length)
and development intensity: cosine(turn angle), which we re-
tained for the global model. The most influential covariates
within the global model were development intensity (relative
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importance=0.18), pollution burden (0.15) and distance to
golf courses (0.09). The global model with interaction terms
(Table S9) showed strong selection against pollution burden
(f=-0.357, 95% CI=-0.692: —0.022, p=0.037), building den-
sity (8=-0.185, —0.289: —0.081, p=0.0004), population density
(B=-0.160, —0.268: —0.052, p=0.004) and development in-
tensity (8=-0.434, —0.565: —0.303, p<0.0001). Coyotes' steps
were longer in areas with higher NDVI (§=0.032, 0.007:0.057,
p=0.012) and shorter in areas with higher median income
(8=-0.022, —0.04: —0.004, p=0.022).

4 | Discussion
Our study demonstrated that movements and habitat selec-

tion by urban coyotes can best be described by a combination
of societal and ecological factors. This runs contrary to prior

movement studies that have solely examined ecological land-
scape features and aligns well with recent studies suggesting
that we should consider societal elements when examining
and planning for wildlife landscape permeability, connectivity
and restoration (Ghoddousi et al. 2021; Williamson et al. 2023;
Wilkinson et al. 2024).

4.1 | Home Range and Movement Characteristics

Our analysis of home range and movement characteristics
confirmed the influence of anthropogenic burden on urban
coyotes. Coyotes living in more polluted, densely populated
areas had significantly larger home ranges. Of all measures of
burden, human population density was the strongest predic-
tor of coyote home range size. The latter aligns with previous
findings that coyote occupancy and behaviour are influenced
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by human presence and activity (Gallo et al. 2022; Gehrt
et al. 2009; Murray and St. Clair 2015; Nickel et al. 2020).
Meanwhile, urban wildlife in more polluted areas may expe-
rience more dispersed resources and frequent disturbances
(Murray et al. 2019; Soulsbury and White 2015). Daily dis-
placement, a measure of exploration (e.g., Hertel et al. 2019),
was significantly higher for coyotes in more burdened areas
(i.e., regions of lower NDVI, lower income, and higher popula-
tion density, pollution burden, development intensity and road
density). Mean step length followed the same pattern, with the
addition of significantly longer step lengths during the drier
season, though the latter difference was small. However, coy-
otes travelling longer distances per step in the drier season
support evidence demonstrating seasonal variation in coy-
ote movement due to altered resource availability (Bateman
and Fleming 2012; Poessel et al. 2017). Larger home ranges,
displacement values and step lengths suggest higher ener-
getic demands for coyotes in more burdened environments.
Consuming more human subsidies may be a coping strategy
to deal with increased energetic costs, though there may be
trade-offs, such as ingesting foods with lower nutritional value
or bringing individuals into conflict with people (Murray,
Cembrowski, et al. 2015; Murray and St. Clair 2017). Future
research quantifying the energetic costs of individuals across
social-ecological gradients may provide insight into how di-
vergent stable behavioural strategies can be locally adapted.

4.2 | The Relative Influence of Societal,
Infrastructural and Ecological Covariates on Coyote
Movement

Overall, models containing only societal covariates tended to
perform better than models containing only ecological and lin-
ear infrastructure covariates. Urban features linked to societal
characteristics, such as pollution, wealth and human population
density, thus may be key predictors for urban wildlife move-
ment. This finding builds upon existing evidence of the influ-
ences of these societally driven features on wildlife biodiversity,
occupancy and survival (Leong et al. 2018; Magle et al. 2021;
Saaristo et al. 2018). Additionally, across all data subsets, mod-
els that integrated societal, ecological and infrastructural char-
acteristics performed better than siloed models. Together, these
findings provide some of the first empirical evidence to support
recent frameworks proposing the importance of considering
social-ecological landscape suitability for wildlife connectivity
(Ghoddousi et al. 2021; Williamson et al. 2023).

4.3 | Social-Ecological Predictors of Coyote
Resource and Step Selection

4.3.1 | Selection by all Sampled Coyotes

Across all movement metrics and data subsets, development
intensity was the most influential covariate for coyote habitat
selection and movement. Overall, coyotes selected for vegetation
greenness, road density, rivers, flood channels and railways.
Coyotes selected against income, building density, population
density, pollution burden, development intensity, lakes, golf
courses and cemeteries. The latter two, along with relatively

lower selection for parks in our model, run counter to studies
that have shown coyotes and other urban wildlife select for large
urban green spaces (Wurth et al. 2020), though this tendency
may be reflected in our coyotes' selection for vegetation green-
ness and railways. In arid regions (e.g., southern California),
not all parks are vegetatively green. Additionally, urban spaces
can contain many small, ungazetted vegetated areas along with
potential habitats alongside railways and rivers (Douglas 2020).
However, within our step-selection models, golf courses emerged
as an important covariate, indicating potential fine-scale move-
ment preferences towards golf courses, even if coyotes in our
study spend relatively little time within these spaces.

Paradoxically, selection for road density and against development
intensity showed the strongest effects (Figure 4). While high de-
velopment intensity is often correlated with more human pres-
ence and disturbance for wildlife (i.e., Lendrum et al. 2017), roads
may have more nuanced impacts on wildlife by allowing them to
move more easily through complex landscapes (Abrahms et al.
2016; Hill et al. 2020). Road-dense areas may also be associated
with key resource opportunities, such as roadkill and roadside
habitat patches that potentially harbour mammalian prey (e.g.,
Bellamy et al. 2001; Kent et al. 2021; Meunier et al. 1999).

Contrary to our hypotheses, coyotes select against wealth-
ier areas and move more slowly in less wealthy areas. While
wealthier urban areas may have preferable ecological re-
sources like natural prey items and refugia (Leong et al. 2018;
Schell et al. 2020), wealthier neighbourhoods also tend to
harbour more unfavourable and separationist views on coy-
otes than others (Niesner et al. 2024; Wilkinson, Caspi,
et al. 2023). Coyote encounters, human-coyote conflicts,
hazing and support for lethal control of coyotes have all
been found to be more likely in wealthier areas (Draheim
et al. 2019; Wilkinson, Caspi, et al. 2023; Wine et al. 2015).
Additionally, under California state law, residents can hire a
trapper to remove coyotes from their communities, which is
not uncommon in southern California. Combined with the
wealth-linked tendency towards coyote intolerance, the high
costs of hiring a trapper (N. Quinn, pers. comm.) may mean
that coyotes are being more frequently trapped in wealthier
areas, potentially influencing coyote habitat selection.

4.3.2 | Differences Between More Burdened and Less
Burdened Home Ranges

The degree of anthropogenic burden altered habitat selec-
tion. Coyotes with more burdened home ranges demonstrated
stronger selection against population density, building den-
sity, and development. Coyotes in more burdened regions may
be more acutely affected by these societal factors, influencing
the strength of selection against these features. Unexpectedly,
coyotes living in locations of higher human population densi-
ties selected for higher pollution burden, and for those living
in lower-income areas, selection against pollution burden was
weaker than in higher-income areas. In lower-income areas,
unsecured refuse may be more common due to reduced qual-
ity and quantity of municipal services (Sprague et al. 2022).
Underserved regions that are subject to higher pollution burden
may also have higher populations of synanthropic rodents and
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other prey (Childs et al. 1991; Murray et al. 2024). Additionally,
in Los Angeles, higher population densities are correlated with
increased trash generation (Liang et al. 2019). Human refuse,
synanthropic rodents and outdoor cats are coyote attractants,
especially in urban areas where native wild prey may be less
accessible (Baker and Timm 1998; Bucklin et al. 2023; Poessel
et al. 2017; Sugden et al. 2021).

All burdened coyotes exhibited stronger selection for more vege-
tated areas (i.e., higher NDVI) and for road densities than did less
burdened coyotes. Coyotes in lower-income and more population-
dense locations also selected more strongly for railways than did
their less-burdened counterparts. Though roads may operate as
dispersal and movement barriers for wildlife (Riley et al. 2003),
roads, railways and other linear infrastructure may also provide
habitat and connectivity for wildlife living in urban and peri-
urban spaces (Barrientos et al. 2019; Fletcher 2009; Maclagan
et al. 2019). Our study indicates that vegetated habitat, roads
and railways may be particularly important for urban coyotes in
places that are more anthropogenically burdened and provides
further evidence regarding the diverse effects of societally driven
risks and burdens on urban wildlife (e.g., Murray et al. 2019;
Schell et al. 2020). These results also point to the potential dispro-
portionate impact of linear infrastructure for improving wildlife
landscape permeability in more burdened or complex contexts
(Niesner et al. 2021; Popp and Hamr 2018).

Diverging from our global results, coyotes with more polluted
home ranges and those with more highly populated home
ranges selected for parks, unlike less-burdened coyotes. Because
public parks often contain concentrated resources such as po-
tential den sites and prey, urban coyotes are known to frequent
public parks regardless of the human activities within (Gehrt
et al. 2013; Wilkinson, Caspi, et al. 2023). Coupled with our
broader results showing that coyotes typically selected against
golf courses and cemeteries, it is possible that coyotes living in
more burdened regions are more willing to spend time in parks
despite the risks of human activity. Parks may differ from golf
courses and cemeteries in two key ways. First, while parks vary
in spatiotemporal patterns of human activity, golf courses and
cemeteries have constant, predictable human activity due to vis-
itors and staff. Golf courses and cemeteries are also consistently
maintained, including landscaping choices that may thin any
available bushy vegetation which coyotes can use for cover (i.e.,
Nooten et al. 2018). Finally, due to variations in management
and use, parks are more likely to contain persistent potential
anthropogenic resources (i.e., trash) that could be attractive to
coyotes and their prey (Sugden et al. 2021). Anthropogenic food
removal by urban wildlife in parks also positively correlates with
vegetation cover (Morales-Vasquez et al. 2018), which coyotes
strongly selected for across all models. Coyotes tend to spatio-
temporally partition themselves from human activity (Murray
and St. Clair 2015), so in Los Angeles they are likely avoiding ex-
posure to people by also prioritising non-gazetted green spaces,
as mentioned earlier.

4.3.3 | Urban Complexity and Coyote Movement

To contextualise our results, it is important to consider that
some of the coyote movements we observed may reflect

decision-making at a finer spatial scale than our analysis could
capture. For example, societal covariates such as pollution bur-
den and income were collected at the census tract level, and our
movement data were also collected at an intermediate scale.
Further, cities are highly complex landscapes, likely requiring
urban coyotes—and other urban wildlife—to thread the needle
by selectively navigating areas that minimise risk while capital-
ising on accessible resources, both anthropogenic and natural.
Future research should focus on fine-scale wildlife movement in
relation to the myriad localised attractants, deterrents and bar-
riers present in cities to fully understand the nuanced decisions
made by urban wildlife in these complex environments.

4.4 | Utility of These Approaches for Improved
Urban Wildlife Ecology and Management

Most prior studies regarding the effects of within-city social-
ecological heterogeneity on wildlife have focused on species
distribution and biodiversity (Magle et al. 2016) and non-linear
infrastructure (Haight et al. 2023), leaving a significant gap in
our understanding of wildlife movements through these soci-
etally driven landscapes. Though behaviourally flexible species
can successfully live alongside people, these resilient species
may exhibit key across- and within-population divergences in
their responses to anthropogenic risks and rewards on the land-
scape (Breck et al. 2019; Murray and St. Clair 2015; Wilkinson
et al. 2024). Our study demonstrates that environmental health,
wealth and linear infrastructure are key predictors of urban coy-
ote movement and habitat selection. Further, the effects of these
features on coyotes differ depending on variations in the city's
social-ecological gradient.

Future studies should make it standard practice to assess the
relative importance of societal covariates on wildlife landscape
permeability, particularly for wildlife that are more likely to in-
teract with or live alongside people. Social-ecological modelling
should reflect species’ unique interactions with human-altered
environments. For instance, while urban-adapted coyotes in our
study respond strongly to pollution and development intensity,
other species, such as large carnivores in less urbanised settings,
may require different societal predictors (e.g., hunting preva-
lence or political attitudes toward rewilding efforts). Such flex-
ible approaches are especially pressing considering the global
spatial overlap of people and wildlife is projected to significantly
increase by 2070 due to the intensification of human popula-
tion densities (Ma et al. 2024). Similarly, scientists and wildlife
managers are also increasingly concerned about climate change
exacerbating human-wildlife conflicts through societal and
ecological pathways (Abrahms et al. 2023). Finally, our study
has demonstrated the nuanced influence of linear infrastruc-
ture on urban coyotes, confirming previous anecdotal evidence
that coyotes utilise linear features for traversing and surviving
within urban landscapes (Fletcher 2009; Niesner et al. 2021).
In the future, it will be key to reimagine conservation perspec-
tives regarding the potentially positive roles of linear infrastruc-
ture for wildlife landscape permeability, especially in places of
higher anthropogenic development (Douglas 2020; McInturff
et al. 2020; Niesner et al. 2021; Wilkinson, Jones, et al. 2023).
Overall, with increasing data availability and collaborative ca-
pacity, these integrated approaches will provide the nuanced
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information needed to design healthy, equitable shared land-
scapes in an urbanising world.
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