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higher daytime temperatures and 1.0–4.5 °C higher night-
time temperatures in urban areas (Hibbard et al. 2017). 
Studies have shown negative effects of heat-related stress 
on human health and mortality in cities globally (Sherwood 
and Huber 2010; Hondula et al. 2015) and within arid cities 
in the Sonoran Desert of the USA (Golden et al. 2008; Har-
lan et al. 2014; Petitti et al. 2016). Extreme heat is predicted 
to increase in aridland urban systems (Archer and Predick 
2008) which could exacerbate UHI effects with a warming 
climate. For animals, including humans, the response to 
thermal stress requires energy to maintain body tempera-
ture by physiological or behavioral adjustments and avoid 
declines in health and mortality (Collier et al. 2017).

However, few empirical studies have focused on the 
effects of urban heat on the health of non-human verte-
brates. This study seeks to better understand the effects 
of extreme heat on urban wildlife. Body size variability 
in response to climate change in non-human animals has 

Introduction

Urbanization and human-mediated land use change can 
transform thermal environments (Battles and Kolbe 2019). 
The urban heat island (UHI) effect occurs as cities grow and 
land cover is converted from soil and vegetation to imper-
vious cover in buildings and roads that absorb heat dur-
ing the day and radiate heat at night (Archer and Predick 
2008). Emissions and heat radiating from the built envi-
ronment cause the UHI effect, which results in 0.5–4.0 °C 
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Abstract
Animals in urban areas can be exposed to human-mediated land use change and radiant heat (called urban heat island 
effect). Few studies have empirically evaluated the effects of urban heat on wild vertebrates. We live-trapped desert wild 
rodents from a large metropolitan area in the Sonoran Desert, USA, across seven field sites spanning three strata of land 
surface temperatures. During the summers of 2019 and 2020, we captured 116 adult pocket mice (Chaetodipus spp. and 
Perognathus spp.) and Merriam’s kangaroo rats (Dipodomys merriami) in mountainous urban parks and open spaces. We 
measured body condition, proxy for health, using percent body fat (i.e., fat mass divided by body mass). For mammals, 
this parameter estimates the storage of energy-rich fat, which is important for growth, survival, and reproduction. We 
measured body condition using a noninvasive quantitative magnetic resonance instrument. Site-level surface temperatures 
were measured using data loggers and long-term climate data. Results supported the prediction that body condition was 
greatest in cooler temperature strata compared to the hottest areas. To relate body condition to resource availability, we 
evaluated vegetation cover and degree of urbanization. Body fat of adult pocket mice was greater in areas with more 
vegetation cover and where nighttime temperatures and surface temperatures were lower and urbanization was greater. 
Kangaroo rats had more fat in areas with the lowest strata of surface temperature. These results demonstrate that extreme 
heat negatively covaries with small mammal body condition, which indicates that urbanization and climate change have 
the potential to reduce rodent fitness.
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been hypothesized as a response to warming temperatures 
(Gardner et al. 2011). Animals, particularly endotherms, in 
warmer climates tend to be smaller than animals in cooler 
climates (Bergmann’s rule, Yom-Tov 2003; Santini et al. 
2018; Hantak et al. 2021). In urban areas, human-mediated 
land use and resource availability can increase vertebrate 
body size by altering habitat and food resources (Kaiser 
et al. 2016; McKinney 2002; Teplitsky and Millien 2014). 
Thus, it is difficult to predict whether vertebrates affected 
by UHI will have smaller body sizes such as the pattern pre-
dicted by Bergmann’s rule, or whether, resources in urban 
areas drive animals to be larger as predicted by resource 
availability hypothesis. In this study, we had the opportunity 
to evaluate body condition across a gradient of heat from 
similar habitats as a proxy for similar resources to isolate 
effects of temperature on wildlife body condition.

Studies on animal body condition mostly focus on per-
cent body fat or body size (mass). One study found that body 
mass and diet diversity were greater among urban dwelling 
rodents compared to non-urban populations (Santini et al. 
2018; Hantak et al. 2021) found the effect of urbanization 
across mammal species was larger body size. Both stud-
ies predicted that urban wildlife may have benefited from 
increased food availability, higher calorie diets, and less 
predation or competition. Hantak et al. (2021) also found 
that animals in warmer climates, which hibernated or under-
went torpor to buffer thermal stress, were more sensitive to 
warm temperatures and had a stronger decrease in body size. 
Yom-Tov (2003) found that body size of carnivore mam-
mals increased with urbanization but not with temperature. 
Although studies have compared mammal body size and 
condition in urban and non-urban areas, our work fills an 
important gap that can assess how urban heat, specifically, 
can influence animal health without the added complication 
of habitat or geographic differences.

This study focuses on rodents in the arid Southwest 
USA, a system noted for increased susceptibility to climate 
change and climate variability (Archer and Predick 2008) 
and taxa living near their physiological limits (Walsberg 
2000). Previous studies have focused on wildlife abundance 
or diversity in urban areas (Murray et al. 2019), but this 
study focuses on health of rodents because of their ecologi-
cal significance and as common desert species to monitor 
under climate change. Rodents play important roles as bio-
engineers and seed dispersers and are prey for many preda-
tors (Monadjem et al. 2015). The ability of desert-adapted 
rodents to tolerate and survive extreme heat makes them 
the ideal candidate for this study. Rodent abundance and 
survival have been linked to temperature extremes, surface 
temperature, vegetation cover, food availability, and ability 
to persist in urban environments. Temperatures are shown 
to limit the range of rodent species due to their metabolic 

rate requirements and ability to tolerate heat (Munger et al. 
1983; Walsberg 2000). Studies have found that surface tem-
perature alters desert-adapted rodent abundance: as surface 
temperature increases, apparent survival decreases (Moses 
et al. 2012; Pianalto and Yool 2017). Vegetation coverage 
and food provided by plants has a positive relationship on 
rodent abundance, reproduction, and survival, and these 
resources are especially important for desert-adapted spe-
cies during dry seasonal periods (Chew and Butterworth 
1964; Beatley 1969; Nagy and Gruchacz 1994). Generally, 
cities have lower species diversity and richness and more 
non-native species (Cavia et al. 2009; Saari et al. 2016; 
Guevara and Ball 2018). Studying rodents in the Sonoran 
Desert, especially the Phoenix urban interface, is an oppor-
tune research area for evaluating how heat affects diverse, 
arid-adapted organisms that overlap urban areas (Guevara 
and Ball 2018).

We evaluated the effect of UHI on rodent health by quan-
tifying how body condition varies across an urban heat gra-
dient in the Phoenix metropolitan area. We measured body 
condition using percent body fat (i.e., fat mass divided by 
body mass). Body condition is a parameter that estimates the 
storage of energy-rich molecules (e.g., lipids [fat]), which 
are important for growth, survival, and reproduction (Young 
1976). Therefore, body condition can be used as one mea-
sure of overall animal health. We used a quantitative mag-
netic resonance (QMR) instrument to quantify rodent body 
condition. QMR has been used across taxa in animal studies 
(Nixon et al. 2010; Riley et al. 2016; Warner et al. 2016) as 
a noninvasive alternative to chemical carcass analysis, and 
it provides accurate measurements of body fat, lean mass, 
and water content (Nixon et al. 2010). Our research objec-
tives were to evaluate (1) how rodent body condition varies 
across three strata of urban heat and (2) how rodent body 
condition relates to environmental predictors (i.e., land 
use, land cover, surface temperature, index of vegetation 
biomass, and degree of urbanization). We predicted animal 
body fat, lean mass, and water would be greater in individu-
als from cooler summer surface temperatures compared to 
warmer temperatures.

Methods

Study area

This study occurred in the Phoenix Metropolitan area of 
Maricopa County Arizona, which is situated in the Sonoran 
Desert of the United States (Fig. 1). The region has an esti-
mated 4.5  million human population with rapid growth 
(U.S. Census Bureau 2019). We selected sampling sites 
based on long-term climate data in the urban heat gradient 
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in Phoenix, Arizona (Fig.  1) across three strata of sum-
mer surface temperature (47.0–49.0 °C, 50.0–52.0 °C, and 
53.0–55.0 °C). Temperature strata were derived from 5-year 
average daily temperature in June from the long-term sur-
face temperature LANDSAT imagery (similar to methods of 
Frazier et al. 2021; Parastatidis et al. 2017). The long-term 
temperature data were manipulated to exclude buildings and 
impervious surfaces and include eligible landcover types to 
trap animals (compacted urban soil, inactive crops, undis-
turbed land, desert vegetarian, and riparian vegetation). This 
approach created 400 m circular plots to sample tempera-
ture strata with similar landcover types (data available from 

Central-Arizona Phoenix, Long-Term Ecological Research 
program; Li et al. 2015).

Field data collection

Rodents and sampling

The rodents of this study, pocket mice (Chaetodipus spp. and 
Perognathus spp.) and Merriam’s kangaroo rats (Dipodomys 
merriami), live in dry, hot areas where the average maxi-
mum soil surface temperatures in June in central Arizona 
may exceed 60 °C (140 °F) as air temperatures reach 35 °C 
(95 °F) or greater. During the day, rodents live in burrows 

Fig. 1  Rodent capture sites occurred in northern and southeastern 
regions of Phoenix, Arizona, USA. Temperature strata were derived 
from 5-year average daily temperature in June from the long-term 
surface temperature LANDSAT imagery. Colors indicate regions that 

contained 400 square meters of open, undeveloped land with tempera-
tures ranging from cool (green) to the hottest (red) areas. United States 
map (whereig.com) shows Arizona in gray and Maricopa county in 
black
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site-specific surface temperature. Temperature measure-
ments were recorded every 30 min from 2 June to 24 June 
2020 (22 days). Temperature data were extracted (Online 
Resource 2) from retrieved and functioning loggers (n = 41). 
The variable used for analyses was the average nighttime 
temperature (nighttemp) from 7 PM to 5 AM AZT based on 
sunrise and sunset periods, which is the period when ani-
mals in the study were most active (Walsberg 2000).

Laboratory methods

The QMR instrument uses Hydrogen (Proton)-nuclear 
magnetic resonance principles with measurements based 
on the different responses of tissues to radio waves. Radio 
wave disturbances cause protons to excite and relax, pro-
ducing different positions and intensities that are measured 
reflecting the chemical composition as fat, lean muscle, and 
water (Jones et al. 2009). Scans are performed by placing 
one animal into an acrylic cylinder (animal holder), with a 
second, smaller cylindrical inset to limit animal movement, 
then placing the animal inside the machine. Each scan takes 
approximately 3–5 min. Animals were scanned 6–12 times 
to ensure the readings were accurate and the first six scans 
were used in analyses. The QMR output (± 0.001 g) mea-
sures body fat (g), lean mass (g), and water content (g). The 
QMR outputs for each animal were averaged and divided 
by the animal’s measured mass (g); the proportion is used in 
this study as the dependent variable (i.e., proportion of body 
fat, lean mass, and water content).

We used the EchoMRI™ Mobile Body Composition 
Analyzer for Birds and Bats, or other small animals up to 
200 g (http://www.echomri.com). We used established pro-
tocols for animal and QMR use based on recommendations 
by Nixon et al. (2010). Specifically, each sample was pro-
cessed using “Primary Accumulation 3,” which is an average 
of three scans per output. Prior to year 2 field data collec-
tion, we analyzed QMR outputs from year 1 of the empty 
animal holder, test vials for the standard sample (two differ-
ent types), and test vials with known fat samples. A known 
fat sample (canola oil) was used during years 1 and 2 as a 
standard sample to evaluate the consistency of QMR output. 
The expected outputs of the standard sample were 100% fat 
and no lean mass or water content. The standard sample 
mass was chosen based on a study that found deer mouse 
(Peromyscus maniculatus) fat content (mean fat (g) ± the 
standard deviation) was 1.06 ± 0.50 (Schulte-Hostedde et. 
2001). The standard sample in year 1 (1.02  g; 13 unique 
runs; 119 scans) was measured before animals were pro-
cessed every 1–2 days. Therefore, we established a protocol 
in year 2 to scan the standard sample at the beginning and 
end of the day and before each animal was processed in the 
QMR (0.80 g; 109 QMR unique runs; 833 scans). From year 

where temperatures are up to 60° less than soil and 10° less 
than air temperatures (Reynolds 1960; Kay 1975) found 
banner-tailed kangaroo rats’ (Dipodomys spectabilis) ther-
mal neutral zone is 20–30 °C, and their upper lethal zone 
is 40 °C. Desert-adapted rodents are known for their ability 
to conserve water by producing highly concentrated urine 
and dry feces (Lazaroff 1998; Tracy and Walberg 2001) and 
using underground burrows (Lazaroff 1998).

We captured adult pocket mice and Merriam’s kangaroo 
rats (Online Resource 1). Reynolds (1960) summarizes life 
history traits of pocket mice and kangaroo rats (Family Het-
eromyidae), which are nocturnal, burrowing animals with 
fur-lined cheek pouches for storage and transportation of 
seeds. These rodents are primarily granivorous (seed-eat-
ing), but they also may eat some insects and a little vegeta-
tion. For Merriam’s kangaroo rats, their caches (seed stores) 
consist primarily of Bouteloua spp. (annual grama grasses) 
or Plantago spp. (perennial plantain herbaceous plants). 
Kangaroo rats are known to be active throughout the year 
and are strictly nocturnal (Reynolds 1960). For pocket mice, 
we combined data for the genera Chaetodipus and Perogna-
thus because pocket mice are difficult to identify in the field 
and have similar body sizes, metabolic rates, and genetics 
(Riddle 2007). Pocket mice are known to use torpor, and 
some species of pocket mice remain active year-round (Laz-
aroff 1998).

To capture live rodents, we used baited Sherman traps 
from mid-May to early September in mountainous urban 
parks and open spaces in 2019 (year 1) and 2020 (year 2). 
Ventilated traps with cotton batting were baited with brown 
rice, oats, and cereal and open from sunset to sunrise three 
to five days (50–100 traps/night) in sites identified as one 
of three strata of summer surface temperature. Sites were 
400  m in diameter (200  m radius). If more than one site 
occurred within the stratum, we chose the site at random. 
Within each site, we established traps in locations with evi-
dence of rodent activity (recently dug holes and small mam-
mal paths). Once captured, animals were given a temporary 
mark on the right inner thigh to prevent resampling. Juve-
nile and pregnant or lactating rodents were released live on 
site. Animals included in analyses were transported within 
an air-conditioned vehicle to a climate-controlled building 
where the QMR machine was located. Animals were ana-
lyzed with QMR, weighed (year 1, Pesola spring scale, ± 
0.01 g; year 2, Sartorius Secura analytical balance scale, ± 
0.001 g), sexed, measured, then returned to the site of cap-
ture and released live in less than 24 h.

Temperature logger deployment

We deployed temperature loggers (n = 76, Maxim Integrated 
Products iButtons) during year 2 only at sites to obtain 
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how body fat varied across urban surface temperatures then 
a Tukey’s honestly significant difference (HSD) post hoc 
test to determine where differences lay. When data were not 
normally distributed, we used a Kruskal-Wallis test to deter-
mine if there was a significant effect of the heat strata and 
proportion of body fat then used post hoc pairwise compari-
sons using the Wilcoxon Rank Sum Test to examine where 
the differences lay. The tests on proportion of body fat, 
mass, and relative abundance in relation to heat strata were 
completed using R Statistical Program (R Core Team 2020).

We combined data from pocket mice and kangaroo rats to 
visualize relationships of the dependent variable to environ-
mental variables. We used linear regressions to compare the 
proportion of body fat to nighttemp, NDVI, and urbaniza-
tion using Microsoft Excel (2013). To relate species-specific 
responses to environmental variables we used general linear 
models (GLMs). To determine the independence of envi-
ronmental variables, we used bivariate Pearson Correlation 
in SPSS version 26.0 (IBM Corp 2019). The sample unit of 
the ecological models was the number of trapping locations 
where the spatial data were independent at a 1  km scale 
(n = 7). We evaluated GLMs using a Corrected Akaike’s 
Information Criterion (AICc) for small sample sizes (Burn-
ham and Anderson 2004) to examine the response of rodents’ 
body condition to urban heat and environmental predictors 
(R Core Team 2020; R version 3.6.1 with tidyverse, lme4, 
MuMIn, and ggplot2 packages).

Results

Rodent captures

During the 2019 and 2020 trapping seasons (33 days of 
trapping), we processed 69 pocket mice and 47 kangaroo 
rats from seven field sites spanning three strata of land 
surface temperature. Each season we set 25–75 traps/site/
night, resulting in over 1,000 trap nights per year (Online 
Resource 4). Over both years of the study, pocket mice were 
processed from the coolest (n = 21), moderate (n = 23), and 
hottest (n = 25) sites. Kangaroo rats were processed from 
the coolest (n = 12), moderate (n = 22), and hottest (n = 13) 
sites. Mass of Merriam’s kangaroo rat ranged from 24.0 to 
48.6 g for males and 21.0–48.2 g for females and pocket 
mice ranged from 16.3 to 45.1 g for males and 16.0–35.0 g 
for females.

QMR quality control

Based on the coefficients of variance analyses of the known 
standard sample (Online Resource 5), measurements for 
body fat were more consistent than measurements for lean 

1 data, we evaluated if differences were present when indi-
vidual rodents were scanned six or 12 times and explored if 
a difference occurred between males and females for QMR 
outputs (body condition).

Spatial data

Environmental predictor variables were summarized from 
remotely sensed data at the site centers for year 1 (2019) and 
year 2 (2020). Temperature data were derived from 5-year 
average daily temperature in June from the long-term surface 
temperature LANDSAT imagery. To evaluate vegetation, 
cover, and food available to rodents, we used Normalized 
Difference Vegetation Index (NDVI) values derived from 
the MODIS vegetation index, upscaled to 1 km x 1 km pixel 
size (averaged from 250 m to 250 m pixels) for 22 months 
during 2019 and 2020 (12 months for the Queen Creek Sos-
saman site that was surveyed only in 2019). NDVI values 
ranged from − 0.2 to 1 (negative values can from clouds and 
water, positive values near zero are bare soil, and higher 
values are green vegetation). The proportion of urbanization 
(Online Resource 3) GIS layer was calculated as the propor-
tion of developed area (e.g., human structures and impervi-
ous surface land covers, Li et al. 2015), within a 1 km radius 
buffer for each 10 × 10  m raster cell. Values ranged from 
0 (no development) to 1 (complete development; J. Lewis 
unpublished data).

Statistical analysis

To determine the consistency of QMR output, we used a 
paired t-test to compare the means of 6 QMR scans and 
12 QMR scans. The mean and variation were calculated 
from the outputs of the empty animal holder inserted into 
the QMR machine, outputs of the vials only for holding the 
standard sample, and output of vials with standard sample. 
Coefficient of variation (CV) was analyzed for each variable 
output from the QMR of the standard sample: fat content 
(g), lean mass (g), and water content (g). Year 1 and year 2 
standard sample outputs were analyzed separately to assess 
the precision of the QMR outputs. To determine if body 
condition varied by sex, we compared fat for female and 
male rodents with a Levene’s test to examine variance and 
then a two-sample t-test assuming equal variance.

Data analyses were completed separately for pocket mice 
and kangaroo rats with year 1 and year 2 data combined 
across each temperature range. Relative abundance of kan-
garoo rats and pocket mice included only animals used in 
body condition analyses. We used a Shapiro-Wilk test to 
examine normality of data and Levene’s test to test for equal 
variances to analyze all data. If data were normally distrib-
uted, we used analysis of variance (ANOVA) to compare 
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t = 1.54, df = 11, P = 0.132). For all analyses, males and 
females were combined per rodent genera and 6 scans 
were used. There was no difference in proportion of body 
fat between sexes (Online Resource 7) for pocket mice 
(t = 0.14, df = 22, P = 0.893) or for kangaroo rats (t = -0.62, 
df = 11, P = 0.551).

Comparisons across temperature strata

For pocket mice, the proportion of body fat varied across 
the surface temperature strata (H = 14.11, df = 2, P = 0.0009). 
Pocket mice from the coolest strata had more than twice 
as much as mice from medium and hot strata (P = 0.003, 
P = 0.002, respectively; Fig.  2A). Pocket mice from the 
medium and hot strata did not differ (P = 1.00). For kanga-
roo rats, the proportion of body fat varied across the surface 
temperature strata (F = 10.45, df = 2, P = 0.0002). Kanga-
roo rats from the coolest strata had 1.6 times and 1.4 times 
more fat than those from medium and hot strata (P = 0.002, 
P = 0.0002, respectively; Fig. 2B). Kangaroo rats from the 
medium and hot strata did not differ (P = 0.402).

Body mass of pocket mice did not vary across the surface 
temperature strata (H = 4.387, df = 2, P = 0.112; Fig. 3A) but 
did vary for kangaroo rats (F = 12.94, df = 2, P = 0.00003; 
Fig.  3B). Animals from the cool and medium strata had 
more fat compared to those from hot strata (P = 0.00003, 
P = 0.003, respectively; Fig. 3B).

Temperature logger data and spatial data were sum-
marized from the study sites (Online Resources 8). A lin-
ear regression showed that proportion of animal body fat 
was negatively associated with night-time temperatures 
(r-squared = 0.356, P = 0.031), with rodent proportion of 
body fat greatest in areas with the lowest temperatures 
(Fig. 4). We failed to find a relationship between the pro-
portion of body fat and vegetation cover from NDVI 
(r-squared = 0.002, P = 0.869, Online Resource 9) or to 
degree of urbanization (r-squared = 0.071, P = 0.379, Online 
Resource 9). These results were likely because sites were 
consistent and showed little variability in NDVI and degree 
of urbanization (Online Resource 9).

Relative abundance, as captures per 100 trap nights, was 
similar for all rodents across the surface temperature strata 
(F = 1.698, df = 2, P = 0.237). For individual species, pocket 
mice (F = 1.113, df = 2 P = 0.375, Online Resource 10) and 
kangaroo rat (F = 1.683, df = 2, P = 0.253, Online Resource 
10) relative abundance did not vary across the surface tem-
perature strata.

mass and water content. Therefore, proportion of body 
fat was used for comparisons across surface temperature 
strata and in ecological models. Mean CV values indi-
cated the standard sample from year 1 fat measurements 
(CV = 17.14%, SE = 0.05) and year 2 fat measurements 
(CV = 28.09%, SE = 0.05) had the most consistent results. 
For year 1 (lean mass, CV = 92.42%, SE = 0.03; water 
content, CV = 96.16%, SE = 0.14) and year 2 (lean mass, 
CV = 150.34%, SE = 0.009; water content, CV = 145.31%, 
SE = 0.02), lean mass and water content varied significantly.

The body fat from QMR outputs of the first 6 scans and 
of 12 scans (Online Resource 6) was averaged from year 
1. There was no significant difference between 6 scans 
(M = 0.51, SE = 0.06) and 12 scans (M = 0.55, SE = 0.06; 

Fig. 2  Measure of proportion of body fat (%) for (A) pocket mice 
(Chaetodipus spp. and Perognathus spp.) and (B) Merriam’s kangaroo 
rats (Dipodomys merriami) captured from three strata of land surface 
temperature during 2019 and 2020 in Phoenix, Arizona. For (A), anal-
ysis of variance (ANOVA) and Tukey’s honestly significant difference 
(HSD) post hoc test were used. For (B), Kruskal-Wallis test and post 
hoc pairwise comparisons using the Wilcoxon Rank Sum Test. Violin 
plot shows density/frequency in data, solid bars are medians and quar-
tiles are shown. Different letters above symbolize significant results of 
Tukey test or pairwise comparisons
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Relating proportion of body fat to environmental 
variables

The four environmental variables from seven sites were not 
sufficiently correlated (P < 0.60; Online Resource 11); there-
fore, all were included in models. We do note that urban-
ization and NDVI approach correlation, but overall these 
variables show little variability across the study sites. We 
considered all models with AIC weights over 2 (Burnham 
and Anderson 2004) and report the null model for compari-
son. The top model for pocket mice to predict proportion of 
body fat was the global model with all predictor variables 
(Table  1; Online Resource 12, 14). Pocket mice propor-
tion of body fat was greatest in areas with more vegetation, 
lower nighttime temperatures, lower surface temperatures, 
and more urban land cover (Table 1). The top model for kan-
garoo rat to predict proportion of body fat was lower surface 
temperatures, which outperformed the null model (Table 2; 
Online Resource 13–14).

Table 1  General Linear Model (GLM) of environment variables (independent) to evaluate proportion body fat of pocket mice (Chaetodipus spp. 
and Perognathus spp.) at the site level using year one (2019) and year two (2020) data in Phoenix, Arizona. Top performing global model and null 
models reported. All other models did not outperform the null model. The “+” indicates a positive association while the “-” indicates a negative 
association to the environment variable(s)

df logLik AICc △AICc weight (Intercept) NDVI NightTemp SurfaceTemp Urbanization
global_model 6 27.5 -126.91 0 1 0.252 0.04 -0.003 -0.003 0.013
null 2 18.5 -29.06 97.85 0 0.024 - - - -

Table 2  General Linear Model (GLM) of environment variables (independent) to evaluate proportion body fat of Merriam’s kangaroo rats 
(Dipodomys merriami) at the site level using year one (2019) and year two (2020) data in Phoenix, Arizona. Top performing model and null models 
reported. All other models did not outperform the null model. The “-” indicates a negative association to the environment variable

df logLik AICc △AICc weight (Intercept) NDVI NightTemp SurfaceTemp Urbanization
model5 3 33.680 -53.359 0.000 0.971 0.150 - - -0.002 -
null 2 26.203 -45.407 7.952 0.018 0.022 - - - -

Fig. 4  Mean proportion body fat for rodents (n = 69 for Chaetodipus 
spp. and Perognathus spp., n = 47 for Dipodomys merriami) captured 
during 2019 and 2020 in the greater Phoenix metropolitan area, Ari-
zona with negative association (r-squared = 0.356, P = 0.031) to night-
time temperatures. Mean proportion body obtained through quantita-
tive magnetic resonance. Nighttime temperatures (nighttemp) record 
every 30 min for 22 days in June (2020) from 7 PM to 6 AM AZT 
based on sunrise and sunset periods

 

Fig. 3  Measure of mass (g) for (A) pocket mice (Chaetodipus spp. 
and Perognathus spp.) and (B) Merriam’s kangaroo rats (Dipodomys 
merriami) captured from three strata of land surface temperature dur-
ing 2019 and 2020 in Phoenix, Arizona. For (A), analysis of variance 
(ANOVA) and Tukey’s honestly significant difference (HSD) post hoc 
test were used. For (B), Kruskal-Wallis test and post hoc pairwise com-
parisons using the Wilcoxon Rank Sum Test. Violin plot shows den-
sity/frequency in data, solid bars are medians and quartiles are shown. 
Different letters above symbolize significant results of Tukey test or 
pairwise comparisons
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1973; Petryszyn 1982). Petryszyn (1982) found increased 
plant production resulted in six times more heteromyid 
rodent density in the Sonoran Desert, Arizona. One study 
monitored rodent abundance in semi-arid areas and found 
a strong positive correlation with NDVI (Chidodo et al. 
2020; Moses et al. 2012) found vegetation production to be 
among the highest supported models to predict kangaroo 
rat apparent survival. Overall, we did see a positive rela-
tionship between pocket mice proportion of fat and vegeta-
tion cover; however, values of NDVI across our study sites 
showed little variation (Online Resource 9) suggesting that 
sites were similar in habitat resources.

The built environment, consisting of buildings and paved 
surfaces, can raise temperatures in cities from from 3.6 to 
14.4 °C (2 to 8 °F) (Golden et al. 2008). It is expected by 
2030 that up to 60% of the world’s population will live in 
urban areas (United Nations, 2002), and most of this popu-
lation growth is expected to occur in arid areas (Baker et al. 
2004). The increase in temperature due to the UHI effect and 
climate change may affect arid-adapted mammals greater, 
as many live at their physiological limits and are at risk of 
hyperthermia and mortality (Speakman and Krόl 2010). 
Our findings support these predictions, for both pocket mice 
and kangaroo rats. Additionally, we found that rodents had 
a greater proportion of body fat where site level nighttime 
temperatures were lower. Pocket mice body mass did not 
show this same trend, perhaps because we combined species 
of pocket mice with different maximum adult body masses. 
Nevertheless, the same trend is likely to hold true based on 
our findings with the kangaroo rats and on the results of 
other studies. For example, one study in New Mexico found 
a negative impact on apparent survival of banner-tailed kan-
garoo rats as daytime surface temperatures increase (Moses 
et al. 2012). Since kangaroo rats are known for their behav-
ioral and physiological adaptations that allow them to sur-
vive in harsh desert conditions (Moses et al. 2012), their 
own struggle with rising temperatures forecasts potentially 
worse implications for less arid-adapted organisms.

Higher temperatures are likely to threaten rodent health 
and survival in a host of ways. High nocturnal surface tem-
peratures may reduce foraging times if they exceed the TNZ 
of desert rodents (Kay 1975; Kay and Whitford 1978) and 
simultaneously reduce food resources since high tempera-
tures could desiccate plant and seed materials. It is possible 
that desert rodent populations could acclimate to higher tem-
peratures by increasing heat tolerance and adjusting rates of 
water loss or could respond by an upward shift in their TNZ 
or upper lethal zone (ULT; Tracy and Walsberg 2001). How-
ever, rodents may not be able to expend additional energy 
to dig deeper burrows or reduce surface activity for forag-
ing, so environmental conditions that drive body tempera-
tures above ULT could result in rodent mortality (Speakman 

Discussion

This is among the first studies to investigate how the UHI 
affects body condition of vertebrate wildlife in cities. Results 
supported the prediction that animals from hotter locations 
(both from long-term and field-collected data sources) had 
poorer body condition. However, this was somewhat unex-
pected because the focal species are desert-adapted rodents 
and have evolved to live in hot, arid environments. Models 
further corroborated the patterns by showing that proportion 
of body fat was related to areas with high vegetation, lower 
nighttime and surface temperatures, and greater urbaniza-
tion for pocket mice. Models for kangaroo rats showed body 
fat was related to areas with lower surface temperatures. 
These results suggest aridland and urban species may be 
increasingly at risk, despite their adaptations to hot envi-
ronments, due to a changing climate and the UHI effect. 
Species already persisting near their physiological limits 
(Walsberg 2000) may be especially vulnerable to increasing 
temperatures.

In this study, rodent body fat was negatively related to 
field collected nighttime temperatures. When fat is reduced, 
the chance of reproduction and survival is reduced for 
rodents (Moitra et al. 1998) and for mammals generally 
(Young 1976; Speakman 2008; Heldstab, 2017). Mice with 
no fat have been found to have decreased reproductive suc-
cess and experienced premature death (Moitra et al. 1998). 
In female rabbits, Rödel et al. (2016) found that higher fat 
reserves could boost reproduction by increased litter size 
and total offspring growth. Additionally, Rödel et al. (2016) 
found decreased feeding effort during lactation. Similarly, 
Myers and Master (1983) found prairie deer mouse (Pero-
myscus maniculatus bairdii) mass was positively correlated 
with the number of young and average mass of young at 
birth. Studies on birds, which have similarly high metabolic 
demands from being endothermic, show similar patterns. 
The brood size of collared flycatchers (Ficedula albicollis) 
is decreased in females with poor body condition (Cichon 
et al. 1998). Adult female great white-fronted geese (Anser 
albifrons frontalis) body condition was positively related to 
survival (Schmutz and Ely 1999). These studies show a link 
between body fat and mass with reproduction and survival, 
implying that our results suggest that high environmental 
temperatures could have negative consequences on urban 
wildlife.

Environmental variables were also good predictors of 
body fat in this study for one of the focal species. The abil-
ity of rodents to survive and reproduce may be highly influ-
enced by the availability of vegetation (Munger et al. 1983), 
and increases in desert rodent abundance and reproduc-
tive success after plant growth has been well documented 
(Chew and Butterworth 1964; Van de Graaff and Balda 
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on body condition. We found the least variation of QMR 
values occurred in fat measurements when compared to a 
known standard sample. These findings may suggest lean 
mass and water content may be imprecise compared to fat 
measurements by QMR. As such, body fat ensured the most 
consistent results for evaluating body condition across the 
urban heat interface. We found that QMR fat measurements 
were consistently accurate and precise. We suggest that 
future studies evaluate QMR results using a standard sam-
ple or other forms of body composition analysis to evaluate 
variability in QMR instrument measurements.

Conservation implications

Arid ecosystems are among the fastest areas to be urban-
ized (United Nations 2014). Moreover, the US southwest 
is predicted to become hotter and drier with climate change 
(National Oceanic and Atmospheric Administration 2013), 
which will potentially exaggerate the patterns found in this 
study. Climate change could have negative consequences 
for heteromyid rodent fitness because it may reduce their 
activity to forage during hot periods (Moses et al. 2012; Sch-
weiger and Frey 2021). Climate change and the UHI effect 
could especially reduce survival during summer months 
due to increased heat stress, severe summer showers ruin-
ing food caches, desiccation of seeds, and increased snake 
predation resulting from longer active periods (Moses et al. 
2012; Schweiger and Frey 2021) predict that climate change 
will reduce rodent activity during early summer periods, 
the period when females gather resources for reproduction, 
which will reduce fitness and reproductive success. Climate 
change and urban heat may result in poorer body condition 
and increased mortality for mothers and offspring. As John-
son et al. (2019) found that extreme heat slowed the growth 
of urban spiderlings and increased mortality. With the 
prediction of reduced reproductive success and increased 
mortality due to the rapid expanse of arid urban areas and 
the southwest climate change, urban arid wildlife could be 
especially vulnerable in the future. Our results suggest that 
high environmental temperatures could affect a rodent’s 
ability to survive and reproduce. This research brings atten-
tion to the need to mitigate the effects of extreme heat on 
urban wildlife to protect these species.

Conclusion

Our study has implications for wildlife conservation in 
urban areas under increasingly warm conditions. The desert 
adapted rodents in this study are specialists of dry aridland 
conditions but may be unable to combat the rising global 
temperatures from climate change and urban infrastructure, 

and Krόl 2010; Moses et al. 2012) found temperatures in 
the Chihuahuan Desert, New Mexico taken 30 years previ-
ously had reached a maximum land surface temperature of 
34  °C while measurements at the same site from 2006 to 
2010 were 44–50 °C. To maintain water and food reserves, 
desert rodents may need to increase foraging activity, which 
could also increase the risk of predation (Moses et al. 2012). 
These threats are likely to be concerns for rodents world-
wide due to global warming, but rodents living in cities may 
have an especially urgent need for climate acclimation due 
to the further temperature increases from the UHI effect.

With an 11.2% population increase over the last decade, 
the Phoenix metropolitan area is growing at a faster rate 
than any other major city in the USA (US Census Bureau, 
2020). This growth makes Phoenix an ideal location to 
study the effect of urbanization on wildlife health. Our study 
showed that body condition, as measured by body fat, in 
pocket mice was positively related to degree of urbaniza-
tion and kangaroo rat body condition was not impacted by 
urbanization. However, the relationship to urbanization may 
have been influenced by the presence of riparian forest at 
some sites. For instance, the Queen Creek Sossaman site 
contained one such riparian corridor, this forest area had a 
high urbanization index which could have influenced the 
model. However, similar to the variable of NDVI, degree 
of urbanization had low variation across our study (Online 
Resource 9).

Although we found no significant differences in relative 
abundance, the study was not designed to evaluate abun-
dance and was instead focused on capturing the most ani-
mals efficiently for body measures. Future studies with trap 
grid designs may find differences in rodent abundance across 
temperature strata. Although our sample size for number 
of animals in the study was high to evaluate body condi-
tion across strata, there were limitations in relating body 
condition to specific environmental variables. Our sample 
size for the ecological models was limited to the number of 
field sites instead of individual animals. For future studies, 
increasing the number of sites of each treatment area could 
increase power to relate rodent body condition to environ-
mental predictors. The results are robust, however, because 
over 100 animals were included in the study and both the 
comparison across land surface temperature strata and the 
ecological models point to temperature being a major pre-
dictor of animal fat.

Previous research on animal body condition uses methods 
that require euthanasia; however, we used the novel method 
of QMR, which allowed for the release of animals live back 
to their point of capture. QMR has been used to assess many 
organisms (Taicher et al. 2003; McGuire and Guglielmo 
2010; Nixon et al. 2010; Riley et al. 2016) but hasn’t been 
previously used to assess rodent health and the effect of heat 

1 3

925



Urban Ecosystems (2023) 26:917–928

mittee (Protocol #19-1719R to Marianne Moore) and Arizona Game 
and Fish Department Scientific Collection Permit (LIC #SP648546 to 
Heather Bateman).

Consent to participate  NA.

Consent for publication  NA.

Competing interests  The authors declare no competing interests.

References

Archer SR, Predick KI (2008) Climate change and ecosystems of the 
southwestern United States. Rangelands 30(3):23–28

Baker LA, Brazel AT, Westerfhoff P (2004) Environmental conse-
quences of rapid urbanization in warm, arid lands: Case study of 
Phoenix, Arizona (USA). Sustainable Cities 2004 – Sienna, Italy. 
https://doi.org/10.2495/SC040161

Battles AC, Kolbe JJ (2019) Miami heat: urban heat islands influence 
the thermal suitability of habitats for ectotherms. Glob Change 
Biol 25(2):562–576. https://doi.org/10.1111/gcb.14509

Beatley JC (1969) Dependence of desert rodents on winter annu-
als and precipitation. Ecology 50(4):721–724. https://doi.
org/10.2307/1936267

Burnham KP, Anderson DR (2004) Multimodel inference: under-
standing AIC and BIC in model selection. Sociol methods Res 
33(2):261–304

Cavia R, Cueto GR, Suárez OV (2009) Changes in rodent commu-
nities according to the landscape structure in an urban ecosys-
tem. Landsc Urban Plan 90:11–19. https://doi.org/10.1016/j.
landurbplan.2008.10.017

Chew RM, Butterworth BB (1964) Ecology of rodents in indian Cove 
(Mojave Desert), Joshua Tree National Monument, California. J 
Mammal 45(2):203–225. https://doi.org/10.2307/1376984

Chidodo DJ, Kimaro DN, Hieronimo P, Makundi RH, Isabirye M, 
Leirs H, Massawe AW, Mdangi ME, Kifumba D, Mulungu LS 
(2020) Application of normalized difference vegetation index 
(NDVI) to forecast rodent population abundance in smallholder 
agro-ecosystems in semi-arid areas in Tanzania. Mammalia 
84(2):136–143. https://doi.org/10.1515/mammalia-2018-0175

Cichon M, Olejniczak P, Gustafsson L (1998) The effect of body con-
dition on the cost of reproduction in female collared flycatchers 
Ficedula albicollis. Ibis 140(1):128–130. https://doi.org/10.1111/
j.1474-919X.1998.tb04549.x

Collier RJ, Renquist BJ, Xiao Y (2017) A 100-Year review: stress 
physiology including heat stress. Int J Dairy Sci 100(12):10367–
10380. https://doi.org/10.3168/jds/2017-13676

Frazier A, Sehner B, Stuhlmacher M, Watkins L (2021) Composited 
land surface temperature of the greater Phoenix, Arizona, USA 
metropolitan area and surrounding Sonoran Desert derived from 
cloud-free, summer (June, July, and August) Landsat imagery: 
1985–2020 ver 2. https://doi.org/10.6073/pasta/ebe6d816dca-
d68ad4d2bd283c5830a63. Environmental Data Initiative

Gardner JL, Peters A, Kearney MR, Joseph L, Heinsohn R (2011) 
Declining body size: a third universal response to warming? 
Trends Ecol Evol 26(6):285–291

Golden JS, Hartz D, Brazel A, Luber G, Phelan P (2008) A biome-
teorology study of climate and heat-related morbidity in Phoenix 
from 2001 to 2006. Int J Biometeorol 52(6):471–480. https://doi.
org/10.1007/s00484-007-0142-3

Guevara JNA, Ball BA (2018) Urbanization alters small rodent com-
munity composition but not abundance. PeerJ 6:e4885. https://
doi.org/10.7717/peerj.4885

which can reduce body fat. In mammals, lower body fat 
relates to lower rates of survival and reproductive success. 
Rodents and other small mammals are important links in 
trophic webs, and loss of these small consumers will likely 
have ramifications on predator abundance, as well. There-
fore, measures to reduce urban heat stress, such as increas-
ing urban green and blue infrastructure (such as riparian 
corridors), are needed to preserve wildlife and benefit 
human health and environments.

Supplementary Information  The online version contains 
supplementary material available at https://doi.org/10.1007/s11252-
023-01358-4.

Acknowledgements  We thank F. Albuquerque and J. Lewis for their 
contribution of environmental data. We thank J. Brown and M. Wright 
for assistance with R code. Field assistance was from A. Bergstedt, 
G.Q.T. Allen, N. Holt, and T. Allen Nabors. We thank the following 
for site access: Phoenix-Mesa Gateway Airport, McDowell Sonoran 
Conservancy, Flood Control District at Cave Buttes Recreation Area, 
and Town of Queen Creek. Methods and animal use permits granted 
from ASU Institutional Animal Care and Use Committee (Protocol 
#19-1719R, Appendix A) and Arizona Game and Fish Department 
Scientific Collection Permit (Bateman, LIC #SP648546). Part of this 
work was supported by the National Science Foundation under grant 
number DEB-1832016 through the Central Arizona-Phoenix Long-
Term Ecological Research Program (CAP LTER).

Author contributions  All authors contributed to the study conception 
and design. Original conceptualization, field methods and data collec-
tion, data archiving, data analyses and visualization, supervision, and 
project administration by Heather Bateman. Field and lab data col-
lection, data summarization, and literature review were performed by 
Brittany Allen. QMR methodology and material preparation by Mari-
anne Moore. Urban heat methodology and field temperature materials 
by David Hondula. The first draft of the manuscript was written by 
Brittany Allen as a thesis and all authors commented on previous ver-
sions of the manuscript. Final version edits by Heather Bateman.

Funding  Partial financial support was received from National Science 
Foundation under grant number DEB-1832016 through the Central 
Arizona-Phoenix Long-Term Ecological Research Program (CAP 
LTER).

Data availability  Data from rodent body condition available through 
the Central Arizona-Phoenix Long-Term Ecological Research Pro-
gram (CAP LTER). Citation: Bateman, H., B. Allen, M. Moore, and D. 
Hondula. 2022. Urban Heat and Desert Wildlife: Rodent Body Condi-
tion Across a Gradient of Surface Temperatures in the greater Phoenix, 
Arizona (USA) metropolitan area (2019–2020) ver 2. Environmental 
Data Initiative. https://doi.org/10.6073/pasta/24107bfde25b116686e0
1dd30227cfd2.

Code Availability  Contact the authors for code.

Declarations

Conflict of interest  The authors have no conflicts to declare.

Ethics approval  Method protocol involving animal use was granted 
from Arizona State University Institutional Animal Care and Use Com-

1 3

926

http://dx.doi.org/10.2495/SC040161
http://dx.doi.org/10.1111/gcb.14509
http://dx.doi.org/10.2307/1936267
http://dx.doi.org/10.2307/1936267
http://dx.doi.org/10.1016/j.landurbplan.2008.10.017
http://dx.doi.org/10.1016/j.landurbplan.2008.10.017
http://dx.doi.org/10.2307/1376984
http://dx.doi.org/10.1515/mammalia-2018-0175
http://dx.doi.org/10.1111/j.1474-919X.1998.tb04549.x
http://dx.doi.org/10.1111/j.1474-919X.1998.tb04549.x
http://dx.doi.org/10.3168/jds/2017-13676
http://dx.doi.org/10.6073/pasta/ebe6d816dcad68ad4d2bd283c5830a63
http://dx.doi.org/10.6073/pasta/ebe6d816dcad68ad4d2bd283c5830a63
http://dx.doi.org/10.1007/s00484-007-0142-3
http://dx.doi.org/10.1007/s00484-007-0142-3
http://dx.doi.org/10.7717/peerj.4885
http://dx.doi.org/10.7717/peerj.4885
http://dx.doi.org/10.1007/s11252-023-01358-4
http://dx.doi.org/10.1007/s11252-023-01358-4
http://dx.doi.org/10.6073/pasta/24107bfde25b116686e01dd30227cfd2
http://dx.doi.org/10.6073/pasta/24107bfde25b116686e01dd30227cfd2


Urban Ecosystems (2023) 26:917–928

Munger JC, Bowers MA, Jones WT (1983) Desert rodent populations: 
factors affecting abundance, distribution, and genetic structure. 
Great Basin Nat Mem 7(7):91–116

Murray MH, Sánchez CA, Becker DJ, Byers KA, Worsley-Tonks KE, 
Craft ME (2019) City sicker? A meta‐analysis of wildlife health 
and urbanization. Front Ecol Environ 17(10):575–583

Myers P, Master LL (1983) Reproduction by Peromyscus manicu-
latus: size and compromise. J Mammal 64(1):1–18. https://doi.
org/10.2307/1380746

Nagy AK, Gruchacz MJ (1994) Seasonal water and energy metabo-
lism of the desert-dwelling kangaroo rat (Dipodomys merriami). 
Physiol Zool 67(6):1461–1478

National Oceanic and Atmospheric Administration (2013) Regional 
climate trends and scenarios for the U.S. national climate assess-
ment: Part 5. Climate of the Southwest. NOAA Technical Report 
NESDIS 142-5. https://scenarios.globalchange.gov/sites/default/
files/NOAA_NESDIS_Tech_Report_142-5-Climate_of_the_
Southwest_U.S_0.pdf

Nixon JP, Zhang M, Wang C, Kuskowski M, Novak CM, Levine 
JA, Billington CJ, Kotz CM (2010) Evaluation of a quantitative 
magnetic resonance imaging system for whole body composi-
tion analysis in rodents. Obesity 18(8):1652–1659. https://doi.
org/10.1038/oby.2009/471

Parastatidis D, Mitraka Z, Chrysoulakis N, Abrams M (2017) Online 
global land surface temperature estimation from Landsat. Rem 
Sens 9(12):1208. https://doi.org/10.3390/rs9121208

Petitti DB, Hondula DM, Yang S, Harlan SL, Chowell G (2016) 
Multiple trigger points for quantifying heat-health impacts: 
new evidence from a hot climate. Environ Health Perspect 
124(2):176–183. https://doi.org/10.1289/ehp.1409119

Petryszyn Y (1982) Population dynamics of nocturnal desert rodents: 
A nine year study [Unpublished doctoral dissertation]. University 
of Arizona

Pianalto FS, Yool SR (2017) Sonoran Desert rodent abundance response 
to surface temperature derived from remote sensing. J Arid Envi-
ron 141:76–85. https://doi.org/10.1016/j.jaridenv.2017.02.006

Reynolds HG (1960) Life history notes on Merriam’s kangaroo 
rat in Southern Arizona. J Mammal 41(1):48–58. https://doi.
org/10.2307/1376517

Riddle BR (2007) Molecular biogeography in the pocket mice 
(Perognathus and Chaetodipus) and grasshopper mice (Ony-
chomys): the late cenozoic development of a North America 
aridlands rodent guide. J Mammal 76(2):283–301. https://doi.
org/10.2307/1382342

Riley JL, Baxter-Gilbert JH, Guglielmo CG, Litzgus JD (2016) 
Scanning snakes to measure condition: a validation of quanti-
tative magnetic resonance. J Herp 50(4):627–632. https://doi.
org/10.1670/15-113

Rödel HG, Valencak TG, Handrek A, Monclús R (2016) Paying the 
energetic costs of reproduction: Reliance on postpartum forag-
ing and stored reserves. Behav Ecol 27(3):748–756. https://doi.
org/10.1093/beheco/arv217

Saari S, Richter S, Higgins M, Oberhofer M, Jennings A, Faeth SH 
(2016) Urbanization is not associated with increased abundance 
or decreased richness of terrestrial animals: dissecting the lit-
erature through meta-analysis. Urban Ecosyst 19:1251–1264. 
https://doi.org/10.1007/s11252-016-0549-x

Santini L, González-Suárez M, Russo D, Gonzalez-Voyer A, von 
Hardenberg A, Ancillotto L (2018) One strategy does not fit 
all: determinants of urban adaptation in mammals. Ecol Let 
22(2):365–376. https://doi.org/10.1111/ele.13199

Schmutz JA, Ely CR (1999) Survival of greater white-fronted geese: 
Effects of year, season, sex, and body condition. J Wildl Manag 
63(4):1239–1249

Hantak MM, McLean BS, Li D, Guralnick RP (2021) Mammalian 
body size is determined by interactions between climate, urban-
ization, and ecological traits. Commun Biol 4:972. https://doi.
org/10.1038/s42003-021-02505-3

Harlan SL, Chowell G, Yang S, Petitti DB, Morales Butler EJ, Rud-
dell BL, Ruddell DM (2014) Heat-related deaths in hot cities: 
estimates of human tolerance to high temperature thresholds. 
Int J Environ Res Pub Health 11(3):3304–3326. https://doi.
org/10.3390/ijerph110303304

Heldstab SA, van Schaik CP, Isler K (2017) Getting fat or getting 
help? How female mammals cope with energetic constraints 
on reproduction. Front Zool 14:29. https://doi.org/10.1186/
s12983-017-0214-0

Hibbard KA, Hoffman FM, Huntzinger D, West TO (2017) Changes 
in land cover and terrestrial biogeochemistry. In Wuebbles DJ, 
Fahey DW, Hibbard KA, Dokken DJ, Stewart BC, Maycock 
TK (Eds.) Climate science special report: Fourth National Cli-
mate Assessment, Volume I (pp. 277–302). U.S. Global Change 
Research Program. https://doi.org/10.7930/J0416V6X

Hondula DM, Balling RC Jr, Vanos JK, Georgescu M (2015) Rising 
temperatures, human health, and the role of adaptation. Curr Clim 
Change Rep 1(3):144–154

Johnson JC, Urcuyo J, Moen C, Stevens IIDR (2019) Urban heat island 
conditions experienced by the western black widow spider (Lat-
rodectus hesperus): Extreme heat slows development but results 
in behavioral accommodations. PLoS ONE 14(9):e0220153. 
https://doi.org/10.1371/journal.pone.0220153

Jones AS, Johnson MS, Nagy TR (2009) Validation of quantitative 
magnetic resonance for the determination of body composition of 
mice. Int J Body Compos Res 7(2):67–72

Kaiser A, Merckx T, Van Dyck H (2016) Urban Heat Island and its 
spatial scale dependent impact on survival and development in 
butterflies of different thermal sensitivity. Ecol Evol 6(12):4129–
4140. https://doi.org/10.1002/ece3.2166

Kay FR (1975) Environmental physiology of the banner-tailed kanga-
roo rat—I. Influences of ambient temperature, humidity, and car-
bon dioxide on body temperature. Comp Biochem Physiol Part A 
50(3):483–488. https://doi.org/10.1016/0300-9629(75)90305-9

Kay FR, Whitford WG (1978) The burrow environment of the banner-
tailed kangaroo rat, Dipodomys spectabilis, in southcentral New 
Mexico. Am Midl Nat 99(2):270–279

Lazaroff DW (1998) Arizona-Sonora Desert Museum book of answers. 
Arizona Sonora Desert Museum Press

Li X (2015) Land use and land cover (LULC) classification of the CAP 
LTER study area using 2010 Landsat imagery. https://sustainabil-
ity.asu.edu/caplter/data/view/knb-lter-cap.619.1/

McGuire LP, Guglielmo CG (2010) Quantitative magnetic reso-
nance: a rapid, noninvasive composition analysis technique for 
live and salvaged bats. J Mammal 91(6):1375–1380. https://doi.
org/10.1644/10-MAMM-A-051.1

McKinney M (2002) Urbanization, biodiversity and conservation. 
Bioscience 52:883–890

Moitra J, Mason MM, Olive M, Krylov D, Gavrilova O, Marcus-
Samuels B, Feigenbaum L, Lee E, Aoyama T, Eckhaus M, Reit-
man ML, Vinson C (1998) Life without white fat: a transgenic 
mouse. Genes Dev 12(20):3168–3181. https://doi.org/10.1101/
gad.12.20.3168

Monadjem A, Taylor PJ, Denys C, Cotterill FPD (2015) Importance 
of rodents. In Rodents of Sub-Saharan Africa: A biogeographic 
and taxonomic synthesis (pp.  19–22). De Gruyter. https://doi.
org/10.1515/9783110301915.19

Moses MR, Frey JK, Roemer GW (2012) Elevated surface tempera-
ture depresses survival of banner-tailed kangaroo rats: will cli-
mate change cook a desert icon? Oecologia. 168:257–268. https://
doi.org/10.1007/s00442-011-2073-2. 1

1 3

927

http://dx.doi.org/10.2307/1380746
http://dx.doi.org/10.2307/1380746
https://scenarios.globalchange.gov/sites/default/files/NOAA_NESDIS_Tech_Report_142-5-Climate_of_the_Southwest_U.S_0.pdf
https://scenarios.globalchange.gov/sites/default/files/NOAA_NESDIS_Tech_Report_142-5-Climate_of_the_Southwest_U.S_0.pdf
https://scenarios.globalchange.gov/sites/default/files/NOAA_NESDIS_Tech_Report_142-5-Climate_of_the_Southwest_U.S_0.pdf
http://dx.doi.org/10.1038/oby.2009/471
http://dx.doi.org/10.1038/oby.2009/471
http://dx.doi.org/10.3390/rs9121208
http://dx.doi.org/10.1289/ehp.1409119
http://dx.doi.org/10.1016/j.jaridenv.2017.02.006
http://dx.doi.org/10.2307/1376517
http://dx.doi.org/10.2307/1376517
http://dx.doi.org/10.2307/1382342
http://dx.doi.org/10.2307/1382342
http://dx.doi.org/10.1670/15-113
http://dx.doi.org/10.1670/15-113
http://dx.doi.org/10.1093/beheco/arv217
http://dx.doi.org/10.1093/beheco/arv217
http://dx.doi.org/10.1007/s11252-016-0549-x
http://dx.doi.org/10.1111/ele.13199
http://dx.doi.org/10.1038/s42003-021-02505-3
http://dx.doi.org/10.1038/s42003-021-02505-3
http://dx.doi.org/10.3390/ijerph110303304
http://dx.doi.org/10.3390/ijerph110303304
http://dx.doi.org/10.1186/s12983-017-0214-0
http://dx.doi.org/10.1186/s12983-017-0214-0
http://dx.doi.org/10.7930/J0416V6X
http://dx.doi.org/10.1371/journal.pone.0220153
http://dx.doi.org/10.1002/ece3.2166
http://dx.doi.org/10.1016/0300-9629(75)90305-9
https://sustainability.asu.edu/caplter/data/view/knb-lter-cap.619.1/
https://sustainability.asu.edu/caplter/data/view/knb-lter-cap.619.1/
http://dx.doi.org/10.1644/10-MAMM-A-051.1
http://dx.doi.org/10.1644/10-MAMM-A-051.1
http://dx.doi.org/10.1101/gad.12.20.3168
http://dx.doi.org/10.1101/gad.12.20.3168
http://dx.doi.org/10.1515/9783110301915.19
http://dx.doi.org/10.1515/9783110301915.19
http://dx.doi.org/10.1007/s00442-011-2073-2
http://dx.doi.org/10.1007/s00442-011-2073-2


Urban Ecosystems (2023) 26:917–928

U.S. Census Bureau (2019) QuickFacts: Maricopa County, Arizona. 
Retreived May 4, 2020, from https://www.census.gov/quickfacts/
maricopacountyarizona

U. S. Census Bureau. https://data.census.gov/
Van de Graaff KM, Balda RP (1973) Importance of green vegetation 

for reproduction in the kangaroo rat, Dipodomys merriami merri-
ami. J Mammal 54(2):509–512. https://doi.org/10.2307/1379140

Walsberg GE (2000) Small mammals in hot deserts: some generaliza-
tions revisited. BioSci 50(2):109–120

Warner DA, Johnson MS, Nagy TR (2016) Validation of body con-
dition indices and quantitative magnetic resonance in estimating 
body composition in a small lizard. J Exp Zool A Ecol Genet 
Physiol 325(9):588–597

Yom-Tov Y (2003) Body sizes of carnivores commensal with humans 
have increased over the past 50 years. Funct Ecol 17:323–327

Young RA (1976) Fat, energy and mammalian survival. Amer Zool 
16:699–710

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law. 

Schulte-Hostedde AI, Millar JS, Hickling GJ (2001) Evaluating body 
condition in small mammals. Can J Zool 79:1021–1029. https://
doi.org/10.1139/cjz-79-6-1021

Schweiger BR, Frey JK (2021) Weather determines daily activity 
pattern of an endemic chipmunk with predictions for climate 
change. Clim Change Ecol 2:100027. https://doi.org/10.1016/j.
ecochg.2021.100027

Sherwood SC, Huber M (2010) An adaptability limit to climate change 
due to heat stress. Proc Nat Acad Sci 107(21):9552–9555

Speakman JR (2008) The physiological costs of reproduction in small 
mammals. Philos Trans R Soc Lond B Biol Sci 363:375–398. 
https://doi.org/10.1098/rstb.2007.2145

Speakman JR, Krόl E (2010) Maximal heat dissipation capacity and 
hyperthermia risk: neglected key factors in the ecology of endo-
therms. J Anim Ecol 79:726–746

Taicher GZ, Tinsley FC, Reiderman A, Heiman ML (2003) Evaluation 
of a quantitative magnetic resonance method for mouse whole 
body composition analysis. Obes Res 12(1):150–160

Teplitsky C, Millien V (2014) Climate warming and Bergmann’s rule 
through time: is there any evidence? Evol Appl 7:156–168

Tracy RL, Walsberg GE (2001) Developmental and acclamatory con-
tributions to water loss in a desert rodent: investigating the time 
course of adaptive change. J Comp Phys B 171:669–679

Tracy RL, Walsberg GE (2002) Kangaroo rats revisited: re-evaluating 
a classic case of desert survival. Oecologia 133:449–457

United Nations (2002) World urbanization prospects: The 2001 revi-
sion data table and highlights. http://www.megacities.uni-koeln.
de/documentation/megacity/statistic/wup2001dh.pdf

United Nations (2014) World urbanization prospects: The 2014 revi-
sion, highlights. https://www.compassion.com/multimedia/
world-urbanization-prospects.pdf

1 3

928

https://www.census.gov/quickfacts/maricopacountyarizona
https://www.census.gov/quickfacts/maricopacountyarizona
https://data.census.gov/
http://dx.doi.org/10.2307/1379140
http://dx.doi.org/10.1139/cjz-79-6-1021
http://dx.doi.org/10.1139/cjz-79-6-1021
http://dx.doi.org/10.1016/j.ecochg.2021.100027
http://dx.doi.org/10.1016/j.ecochg.2021.100027
http://dx.doi.org/10.1098/rstb.2007.2145
http://www.megacities.uni-koeln.de/documentation/megacity/statistic/wup2001dh.pdf
http://www.megacities.uni-koeln.de/documentation/megacity/statistic/wup2001dh.pdf
https://www.compassion.com/multimedia/world-urbanization-prospects.pdf
https://www.compassion.com/multimedia/world-urbanization-prospects.pdf

	﻿Urban heat and desert wildlife: rodent body condition across a gradient of surface temperatures
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study area
	﻿Field data collection
	﻿Rodents and sampling


	﻿Temperature logger deployment
	﻿Laboratory methods
	﻿Spatial data
	﻿Statistical analysis
	﻿Results
	﻿Rodent captures
	﻿QMR quality control
	﻿Comparisons across temperature strata
	﻿Relating proportion of body fat to environmental variables

	﻿Discussion
	﻿Conservation implications

	﻿Conclusion
	﻿References


