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Urbanization has the potential to induce major changes in freshwater systems. Expected increases in human
populations will likely amplify these changes and lead to the overall degradation of habitat quality within these
systems. Such habitat alterations may function as stressors that can aﬀect glucocorticoid stress hormones in
freshwater vertebrates. Examining changes in physiological stress may provide early warning indicators of environmental threats and provide insights into the sub-lethal eﬀects of habitat degradation. The threatened,
obligate aquatic, Jollyville Plateau salamander (Eurycea tonkawae) is found in urbanized and rural catchments
within central Texas and has experienced population declines in heavily urbanized areas. We tested the prediction that salamanders from urbanized sites would have diﬀerent levels of baseline corticosterone (CORT) and
muted or no stress responsiveness (to an external stressor, agitation) compared to salamanders from rural sites.
We collected water-borne hormones to measure baseline CORT release rates (n = 3 years) and stress responsiveness (n = 2 years) in salamanders inhabiting urbanized and rural sites. We also measured “background”
CORT from stream water alone at each visit. For the ﬁrst two years we found that baseline CORT was higher in
urbanized sites but not in the third year. Across years and populations, salamanders showed stress responsiveness, suggesting that, even if physiological stress is higher in urbanized areas, it has not resulted in the
impairment of the hypothalamic–pituitary–interrenal axis. Background CORT was higher in urban than in rural
streams and was positively correlated with mean baseline CORT of salamanders across populations and years.
Our results contribute to the goal of ﬁnding early warning indicators of environmental threats by demonstrating
a relationship between urbanization and the physiological status of E. tonkawae, using a rapid, non-invasive
measure of stress.

1. Introduction
Increasing human populations have resulted in land-use conversion,
with agricultural and urban development being the two most pervasive
threats to ecosystems and biodiversity (Czech et al., 2000; Liu et al.,
2003; McKinney, 2002; Vitousek et al., 1997). Habitat destruction can
have large impacts on freshwater ecosystems (Allan, 2004; Olden et al.,
2010; Paul and Meyer, 2001; Wang et al., 1997), wherein the extinction
rates for aquatic species are ﬁve times higher than for terrestrial species
(Ricciardi and Rasmussen, 1999). As human populations continue to
grow and use more resources, the quality of natural landscapes is expected to decline further (Foley et al., 2005; Rees, 1999), and therefore,
it is important for land managers to understand the impact of anthropogenic habitat alteration on the health of freshwater species. For example, run-oﬀ from urbanization alters temperature, water chemistry,
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and hydrology in freshwater ecosystems, resulting in negative impacts
to biodiversity (Allan, 2004; Czech et al., 2000). These alterations may
function as stressors that can elevate or dysregulate glucocorticoid (GC)
stress hormones in vertebrates (Ellis et al., 2012; French et al., 2008;
Hayes et al., 2006; King et al., 2016; Larson et al., 1998; McMahon
et al., 2011) and yield persistent eﬀects on individual health
(Boekelheide et al., 2012; Martin et al., 2010; Rohr et al., 2013).
The GC stress response has been successfully used to assess an organism’s physiological response to disturbance (reviewed in Dickens
and Romero, 2013; Ellis et al., 2012; Jeﬀrey et al., 2015). An acute
stress response consists of mobilizing energy stores and suppressing
both growth and reproduction in vertebrates (Greenberg and Wingﬁeld,
1987) and is an adaptive mechanism to maintain homeostasis (Romero,
2004; Sapolsky et al., 2000). However, severe and prolonged stressors
(e.g. food limitation, anthropogenic disturbance) may result in
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immunosuppressive in amphibians (Falso et al., 2015; Fonner et al.,
2017). Similar to other stream dwelling salamanders (Barrett and Price,
2014), E. tonkawae has experienced population declines in urbanized
stream catchments in Austin, Texas (Bendik et al., 2014). We used a
non-invasive technique (Gabor et al., 2013; Gabor et al., 2016) to assess
baseline CORT release rates and stress responsiveness of E. tonkawae
from urbanized and non-urbanized streams during late spring
2012–2014 to examine the relationship between physiological status
and urbanization. We predicted diﬀerent baseline CORT release rates
between urbanized and non-urbanized populations and a muted stress
response in urbanized populations due to prolonged exposure to potential stressors associated with urbanization. In addition, we quantiﬁed the amount of exogenous CORT (herein, background CORT) found
in stream water, and measured pH, temperature, conductivity, and
discharge at each site.

pathology and ultimately death. Chronic stress reduces reproduction,
depresses immune function, suppresses growth (McEwen and
Wingﬁeld, 2003; Romero, 2004), and can lead to either permanently
elevated or depressed baseline levels of circulating GCs (Sapolsky et al.,
2000). Further, chronic stress can result in muted or no responsiveness
to stressors owing to impaired hypothalamic–pituitary–interrenal (HPI)
axis functionality, which can ultimately result in homeostatic failure
(Romero, 2004; Romero et al., 2009). In sum, an individual’s GCs aﬀect
their physiological performance, behavioral performance, and ﬁtness
which may be associated with population dynamics (reviewed by
Dantzer et al., 2014).
Prior studies of ectotherms have not found consistent patterns for
GC levels of populations exposed to anthropogenic stressors, but these
populations often show higher baseline GCs in response to anthropogenic disturbances (reviewed by Dantzer et al., 2014) and show
muted stress responsiveness (a change in GC levels in response to an
acute stressor). Muted stress response may be due to acclimation to
stressors, chronic stress inhibiting stress response, or selection for low
stress responsiveness in stressful environments. Lower baseline corticosterone (CORT; primary GC in amphibians and reptiles) in disturbed
areas is seen in the ornate tree lizard (Urosaurus ornatus; French et al.,
2008) and mudpuppies (Necturus maculosus; Gendron et al., 1997) but
no diﬀerence in baseline CORT is seen in copperheads (Agkistrodon
contortrix; Owen et al., 2014) and marine iguanas (Amblyrhynchus
cristatus; Romero and Wikelski, 2002) of disturbed and undisturbed
areas. However, all these studies saw muted or lowered stress responsiveness when these species were found in disturbed areas compared to
undisturbed areas. Because the physiological response to stress can vary
widely, understanding both baseline and stress-induced GCs is necessary when evaluating the potential impacts of an environmental stressor
on animal populations (Cyr and Romero, 2009; Dickens and Romero,
2013; King et al., 2016; Wingﬁeld, 2013).
Aquatic organisms face a suite of potential stressors associated with
the “urban stream syndrome” (Meyer et al., 2005; Walsh et al., 2005).
One major impact on urban streams is stormwater run-oﬀ, but other
stressors include sanitary sewer overﬂow and wastewater treatment
plant eﬄuent. Pottinger et al. (2016) found that three-spined sticklebacks (Gasterosteus aculeatus) had a positive relationship between the
release rates of water-borne cortisol and the concentration of wastewater treatment eﬄuent across sites. Stormwater runoﬀ and sewage
eﬄuent may facilitate the movement of exogenous GCs found in the
environment. Some steroids such as GCs may be present in elevated
amounts (in the water) due to eﬄuent from sewage treatment plants
(Kloas et al., 2009), surface run-oﬀ (e.g., from urine and feces of terrestrial vertebrates), and/or from natural aquatic sources such as those
released by aquatic vertebrates. Exposure to low levels of exogenous
CORT (i.e., in the water) increases endogenous CORT and slows development in tadpoles (Belden et al., 2005; Belden et al., 2010;
Glennemeier and Denver, 2002b) and aﬀects endogenous CORT in
salamanders (Neuman-Lee et al., 2015). Further, other environmental
variables associated with the urban stream syndrome may stress organisms such as pH (Chen et al., 2004), conductivity (Chambers, 2011),
and water velocity (Barrett et al., 2010).
Individual-level metrics of population health, such as physiological
stress, may help in understanding how the eﬀects of anthropogenic
disturbance contribute to population decline. While community and
population level demographic indicators are commonly used to understand landscape eﬀects on populations, these methods usually result
in detection of problems only after declines have occurred (Ellis et al.,
2012; Jeﬀrey et al., 2015). Examination of physiological stress may
provide early warning indicators of problems and potentially help determine their cause.
In this study, we examined physiological stress (via integrative
measures of CORT) in the federally threatened, obligate aquatic
Jollyville Plateau salamander (Eurycea tonkawae). We measure CORT
because it is the main amphibian GC and increased CORT is

2. Materials and methods
2.1. Sample sites and hormone collection methods
We worked with populations of Eurycea tonkawae in the Bull Creek
Watershed in Travis County, Texas, USA from 2012 to 2014 (Table 1).
We obtained water-borne hormone samples from E. tonkawae at two
urbanized (Barrow Hollow, Trib 4) and two non-urbanized (Franklin,
Lanier) sites from 2012 to 2014. In 2014 we sampled two additional
urbanized (Trib 6, Troll) and non-urbanized (Ribelin, WTP4) sites.
Stream sites were categorized based on the amount of impervious cover
(< 20% for non-urbanized, > 20% urbanized) calculated as the percent
of total area of road and building surfaces within each surface catchment. We chose a threshold that evenly splits sample sites above and
below the average impervious cover value among sites (mean = 18%);
this threshold also corresponds to biologically signiﬁcant eﬀects in
other stream-dwelling salamanders (Willson and Dorcas, 2003). Herein
we refer to non-urbanized as rural and urbanized as urban.
We obtained water-borne hormones from E. tonkawae at each site
from 1000 to 1430 h during sampling events in the late spring (exact
dates provided in following subsections). We collected adult salamanders (mean snout–vent length [SVL] ± 1 SD: 29.95 ± 4.5 mm;
Bendik, 2017) under cover objects in the stream (i.e., rocks, woody
debris) and captured them using hand-held nets. Determination of sex
proved challenging in E. tonkawae, but prior studies with two closely
related species, E. nana and E. sosorum, found no signiﬁcant diﬀerence
in baseline CORT values for males and females (Gabor et al., 2016). No
salamanders collected were gravid, as the breeding season for E. tonkawae primarily occurs from September–March (Bendik, 2017). We
attempted to collect 20 salamanders per site because Gabor et al.,
(2016) found that for E. tonkawae, sample sizes of 15 or 16 individuals
have enough power to detect a signiﬁcant diﬀerence, but ﬁnal sample
sizes were site-dependent (samples sizes provided in following subsections). When we caught a salamander, we immediately (< 1 min)
placed it into a 250-ml glass beaker lined with a perforated inner
Nalgene sleeve to allow easy removal of the salamander from the water
Table 1
Names, locations and description of the collection sites for Eurycea tonkawae in central
Texas.
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Site

Percent Impervious Cover

Development

Year(s) Sampled

Barrow Hollow
Trib 4
Trib 6
Troll
Franklin
Lanier
Ribelin
WTP4

27
28
25
37
0.05
6.5
4.1
17

Urban
Urban
Urban
Urban
Rural
Rural
Rural
Rural

2012–2014
2012–2014
2014
2014
2012–2014
2012–2014
2014
2014
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sample. Each beaker was ﬁlled with either 80 ml of stream water where
the salamander was collected (2012, 2013) or 100 ml of well water
(2014). We attempted to maintain a stable temperature by placing the
beakers into approximately 3 cm of stream water within a cooler. At the
end of the 1-h hormone leaching period (the time spent in the beaker),
salamanders were removed and water was poured into labeled 120-ml
high-density polyethylene containers. Water samples were then placed
in a cooler with ice packs until they were frozen in the laboratory at
−20 °C (within 3 h). Before being released, salamanders were photographed against a standardized grid to obtain SVL measurements
(Gabor et al., 2016). Using photographic identiﬁcation (Bendik et al.,
2013) we determined that we did not recapture the same salamanders
at any time throughout the experiment. We also collected either 80 ml
(2012, 2013) or 100 ml (2014) of stream water at each site to measure
background CORT (the exogenous, background concentration of CORT
in the stream) using a beaker. All supplies (e.g., beakers, Nalgene
sleeves, containers) were cleaned with 95% EtOH and rinsed with DI
water before use and gloves were worn throughout.

EtOH). We measured CORT samples in duplicate using a CORT EIA
plate (Cayman Chemicals Inc.) on a spectrophotometer plate reader at
405 nm (BioTek ELX800). We multiplied the CORT concentrations (pg/
ml) by the re-suspension volume to obtain total CORT (pg) within each
sample. We then subtracted the value of the background CORT sample
(either from the stream or well water) from the salamander CORT value
to determine the amount of CORT released by each salamander. However, our measurement of stream background CORT was greater than
the measurement of baseline CORT for most samples from a single site
in 2013 (Barrow), which resulted in negative numbers after subtracting
background CORT value from each sample. These values could not be
ln-transformed. Our results did not change when we included these data
by adding a constant to all values. Therefore, we chose to present our
results excluding these data from this population in 2013. To control for
diﬀerences in CORT release rates based on size, we divided salamander
CORT values by SVL, yielding a CORT release rate in units of pg/SVL/h.
To standardize the background CORT value, we divided the amount
(pg) by the initial sample volume (80 or 100 ml) to give the concentration of CORT in the stream or well water (pg/ml of water). The
use of water-borne CORT samples for E. tonkawae has been previously
validated by (Gabor et al., 2016). The sensitivity of the CORT EIA plates
ranged from 17.90–29.96 pg/ml and all samples were well above the
sensitivity of the relative plates. We ran a total of 12 EIA plates and
based on our control samples intra-plate variation ranged from
0.47–16.6% and inter-plate variation was 12.95%.

2.2. Baseline CORT in rural and urban sites
We considered “baseline” CORT release rates to be the values we
measured after individual salamanders were placed in beakers for the 1h leaching period (following methods described above). CORT release
rates obtained soon after capture can be considered baseline values and
are signiﬁcantly lower than CORT release rates after exposure to a
stressor (Davis and Gabor, 2015; Gabor et al., 2013; Gabor et al., 2016;
Reedy et al., 2014). We visited sites between 5 and 7 June 2012 (17–19
individuals per site), 8–13 May 2013 (16–20 individuals per site), and
23 May–18 June 2014 (7–20 individuals per site). All CORT release
rates were ln-transformed to meet the statistical assumptions of our
models (a summary of untransformed values are provided in the ﬁgures). We used a linear mixed model to examine diﬀerences in ln CORT
across development (urban, rural) with years as ﬁxed eﬀects and site as
a random factor.

2.5. Environmental variables
To gain a further understanding of the resulting patterns of CORT
release rates in E. tonkawae during our study, we performed several
post-hoc data analyses. We explored whether our grouping factors (year
and development) were associated with water quantity and water
quality variables at each site. We measured conductivity as speciﬁc
conductance corrected to 25 °C, pH, and water temperature using a
Hydrolab MiniSonde 5. We also obtained discharge measurements
within two weeks of CORT sampling for each stream. We did not include elevation because it varies minimally in Austin, Texas with a
range of 130––305 m above sea level and most of our sites were around
180 m. We conducted two-factor ANOVAs with year, development and
their interaction for each dependent environmental variable and followed up using Tukey’s HSD (α = 0.05) to test speciﬁc group comparisons where applicable. We also examined the relationships among
environmental variables and mean baseline CORT release rates from
each site-year using linear regressions. Given the relatively small
sample size per year and development group (n = 2 or 3), single
measurements have a large eﬀect. We therefore interpret these results
with caution.

2.3. Stress responsiveness in rural and urban sites
In 2013 and 2014 we measured the stress responsiveness CORT
release rates to agitation from a diﬀerent set of individuals from these
sites. After placing each salamander into a beaker within a beaker box
(with cardboard inserts to keep beakers separated), we lifted the box
and gently agitated the beakers for one min every three min during the
1-h hormone leaching period (following Gabor et al., 2016). In amphibians, an agitation test has commonly been used to measure HPI
responsiveness (Belden et al., 2007; Gabor et al., 2016; Glennemeier
and Denver, 2002a). We obtained stress responsiveness CORT release
rates from 5 to 12 individuals per site in 2013 and 7–15 individuals per
site in 2014. In 2014, we did not obtain stress responsiveness from three
sites because we were unable to collect enough salamanders (Barrow,
Trib 4, WTP4). We used a linear mixed model to examine the eﬀect of
agitation on ln CORT release rates to determine whether urban sites
showed muted stress responsiveness. Treatment (baseline, agitated),
development (urban, rural), and year were modeled as ﬁxed eﬀects
(including all interactions) and site was included as a random eﬀect.

2.6. Statistical packages
All analyses were performed using R (R Core Team, 2013). Linear
mixed models were estimated with the lme4 package (Bates et al.,
2015) and models were assessed using Akaike’s information criterion
(Burnham and Anderson, 2002) corrected for small sample size (AICc)
as calculated by package AICcmodavg (Mazerolle, 2016). We visually
examined residuals from the mixed models for obvious patterns or
outliers to assess model ﬁt. We did not observe any problems with
heterogeneity of variance upon examination of the residuals from the
models.

2.4. Hormone extraction
We maintained hormone samples at −20 °C for less than three
months until the hormone assays were performed (Ellis et al., 2004;
Gabor et al., 2013; Gabor et al., 2016). We extracted water-borne
hormones (following Gabor et al., 2016). We re-suspended the dried
hormone residue for all salamander and stream water samples in a
400 μl solution of 95% enzyme-immunoassay (EIA) buﬀer (Cayman
Chemicals Inc., Ann Arbor, MI, USA) and 5% EtOH. We re-suspended
the well water samples in 260 μl solution (95% EIA buﬀer and 5%

3. Results
Based on the most optimal model as determined by AICc, ln-transformed baseline CORT release rates for E. tonkawae diﬀered between
urban and rural sites, but the eﬀect was inconsistent among years
(Tables 2 and 3).
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Table 2
Model selection results for baseline CORT release rates of Eurycea tonkawae sampled
across urban and rural sites (Development) and Years (2012–2014).

Development × Year
Year
Development + Year
Development

Ka

AICcb

ΔAICcc

ωd

logLik

8
5
6
4

380.8
391.97
392.8
394.72

0
11.17
12
13.92

0.99
0
0
0

−182.07
−190.85
−190.21
−193.27

a

Number of parameters estimated in each model.
Akaike’s information criterion adjusted for small sample size.
c
Diﬀerence between the AIC value for candidate model and the AIC value of the best
approximating model.
d
Akaike weights. Probability that candidate model is the best-approximating model.
b

Table 3
Predicted values from ﬁxed eﬀects and 95% conﬁdence intervals from the most optimal
model, baseline CORT release rates ∼Year × Development, with Site as a random eﬀect
for Eurycea tonkawae.
Group

Estimate

95% CIa

2012
2012
2013
2013
2014
2014

0.51
1.11
0.28
0.95
0.71
0.66

0.23–0.78
0.82–1.39
0.00–0.55
0.60–1.30
0.47–0.94
0.41–0.90

a

Rural
Urban
Rural
Urban
Rural
Urban

Fig. 2. Box-and-whisker plot of baseline (grey) and agitation (black) CORT release rates
for Eurycea tonkawae (standardized by SVL) in rural and urban sites across years.

Table 4
Model selection results for diﬀerence in baseline and stress response (agitation) CORT
release rates (treatment: Trt) across rural and urban sites (Development) and Years (2013,
2014) for Eurycea tonkawae.

Development × Year + Trt
Development × Year × Trt
Development + Year + Trt
Trt × Year + Development
Trt
Development × Year

Conﬁdence intervals include uncertainty from ﬁxed eﬀects only.

Ka

AICcb

ΔAICcc

ωd

logLik

7
10
6
6
4
6

391.97
397.88
405.28
407.38
411.04
421.66

0
5.91
13.31
15.41
19.07
29.69

0.95
0.05
0
0
0
0

−188.75
−188.48
−196.47
−196.46
−201.44
−204.66

a

Number of parameters estimated in each model.
Akaike’s information criterion adjusted for small sample size.
Diﬀerence between the AIC value for candidate model and the AIC value of the best
approximating model.
d
Akaike weights. Probability that candidate model is the best-approximating model.
b
c

conductivity and mean baseline CORT release rates (t = 1.26,
P = 0.230; Supplemental Material Table 2). Temperature, pH, and
discharge did not exhibit any statistically signiﬁcant patterns among
year and development factors (Supplemental Material Table 1).
Temperature, pH, conductivity, and discharge did not show a relationship with mean baseline CORT release rates (Supplemental
Material Table 2).
Fig. 1. Box-and-whisker plot of baseline CORT release rates for Eurycea tonkawae (standardized by SVL) in rural and urban sites across years.

4. Discussion
Eurycea tonkawae from urban sites are exposed to a suite of potential
stressors associated with the “urban stream syndrome” (Walsh et al.,
2005), including degraded water quality (e.g., elevated conductivity,
run-oﬀ, wastewater eﬄuent) and altered hydrologic regimes. For example, pollutants such as polycyclic aromatic hydrocarbons (PAH) are
prevalent in some Austin, Texas streams (Diaz and Diago, 2014;
Scoggins et al., 2007). Additionally, organochlorines and polybrominated diphenyl ether have been shown to bioaccumulate in E.
tonkawae from urban sites (Diaz and Diago, 2014). In this study, we
found evidence that salamanders in urban streams have elevated
baseline CORT release rates compared to those in rural streams. Elevated baseline CORT may be indicative of persistent stressors within
urban streams where populations of E. tonkawae have declined (Bendik
et al., 2014; Bowles et al., 2006). Elevated baseline CORT may also
have direct eﬀects on E. tonkawae such as aﬀecting mating behavior
(Davis and Leary, 2015) antipredator behavior (Davis et al., 2017) or
acting as an immunosuppressant (Falso et al., 2015; Fonner et al.,
2017).
We found across-year variation in baseline CORT release rates, indicating that elevated levels are not temporally consistent. Our use of

We observed higher urban baseline CORT release rates than rural
baseline CORT in both 2012 and 2013, but baseline CORT release rates
between urban and rural sites did not diﬀer in 2014 (Fig. 1; Table 3).
On average, all sites showed stress responsiveness to agitation indicated by the importance of a treatment (baseline, agitated) eﬀect
among our candidate models (Fig. 2; Table 4), suggesting that salamanders at urban sites were not compromised in their ability to mount
a stress response to agitation. We also observed a year by development
interaction consistent with our baseline CORT release rates results.
Stream background CORT exhibited a similar pattern to salamander
baseline CORT release rates, where urban sites exhibited higher values
compared to rural sites the ﬁrst two years (2012: adjusted P = 0.019;
2013: adjusted P = 0.001), but not for the third year (2014: adjusted
P = 0.40; Fig. 3a; Supplemental Material Table 1). Stream background
CORT was positively correlated with mean baseline CORT release rates
(t = 2.344, P = 0.036; Fig. 3b; Supplemental Material Table 2).
Conductivity was higher for urban sites compared to rural ones, and
this eﬀect was consistent across years (F1,13 = 32.57, P = 0.0002;
Supplemental Material Table 1), but there was no relationship between
232
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streams was consistent with that of stream background CORT. Stream
background CORT could originate from salamanders or other aquatic
vertebrates (e.g., ﬁsh and turtles), or from the landscape via sewage
eﬄuent/leaks or terrestrial animals (e.g., wild mammals, pets, and
birds). While cortisol is the dominant stress hormone in ﬁsh and most
mammals, mammals still excrete CORT albeit at lower rates than cortisol (Koren et al., 2012) and CORT can be measured from their feces
(Touma et al., 2004). These possible sources, combined with greater
impervious cover at urban sites, may lead to run-oﬀ containing more
exogenous CORT in these streams. Furthermore, urban catchments
contain both municipal sewer lines that occasionally leak (e.g., a sewer
line runs through Barrow tributary) as well as septic systems (e.g., Trib
6) that leach eﬄuent. Positive feedback between stream background
CORT and baseline CORT may explain higher baseline CORT release
rates for E. tonkawae in urban streams, because amphibians can uptake
exogenous CORT from water (Belden and Kiesecker, 2005; Belden et al.,
2010; Glennemeier and Denver, 2002b).
We did not ﬁnd a pattern of chronic stress or muted stress response
across urban populations of E. tonkawae compared to rural populations.
Eurycea tonkawae from urban and rural populations had responsive HPI
axes as indicated by their ability to mount a CORT stress response
(Romero, 2004; Romero et al., 2009). In contrast to our results, other
studies have found that urban populations of various species show
muted or no stress responsiveness compared to undeveloped sites
(French et al., 2008; Gendron et al., 1997; King et al., 2016; Owen et al.,
2014; Romero and Wikelski, 2002). Our results could indicate that either the salamanders are not chronically stressed and/or that they have
habituated to repetitive urban stressors (Cyr and Romero, 2009). To test
the latter hypothesis we would need to inject salamanders with adrenocorticotropin hormone (ACTH) to measure adrenal responsiveness to
test for desensitization or exhaustion (Cyr and Romero, 2009) and or
examine recovery time from acute stressors (Wingﬁeld, 2013).
Evidence for amphibian declines due to landscape disturbance are
well documented (Barrett and Price, 2014; Scheﬀers and Paszkowski,
2012; Willson and Dorcas, 2003), yet the mechanisms that drive these
declines remain poorly understood (Barrett and Price, 2014). Several
authors have argued for the need to establish the connection between
land use, habitat quality, and physiological performance to aid managers in forming proactive conservation strategies (Cooke and Suski,
2008; Ellis et al., 2012; Jeﬀrey et al., 2015). Our results contribute to
this goal by demonstrating a link between urbanization and the physiological status of E. tonkawae, and expand our knowledge of the potential mechanisms aﬀecting population decline in this species. We
have demonstrated how a rapid, non-invasive measure of stress may be
a useful diagnostic tool for assessing the physiological health of populations. However, it is important to determine whether elevated levels
of baseline CORT at the levels we observed are ultimately detrimental
to individual ﬁtness. Future studies should continue to explore the
possibility of measuring baseline CORT as a proxy for individual ﬁtness
and background CORT as a non-invasive ecological indicator. Further,
proactive conservation strategies should involve prioritization of highrisk populations (e.g., those with highest levels of background CORT
and/or with impaired HPI responsiveness) and identiﬁcation of the
drivers of physiological stress.

Fig. 3. Relationship between stream background CORT and (A) development across years
for each site (2012 = circles, 2013 = plus, 2014 = triangles) and (B) mean baseline
CORT release rates of Eurycea tonkawae.

diﬀerent water sources for the CORT leaching period may have resulted
in diﬀerent baseline CORT release rates in 2014. Initially, we used
stream water to leach hormones because we reasoned that placing
salamanders in novel water chemistry may act as an additional stressor.
However, high levels of background CORT in the stream water interfered with our ability to resolve low concentrations of salamander
CORT. We therefore switched to leaching in water with low background
CORT (well water) for the ﬁnal year of sampling. This change may have
inadvertently aﬀected the salamander baseline CORT release rates. The
background CORT in the well water (January: 0.19 pg/ml; June:
0.20 pg/ml) was the same or lower than the background CORT found at
all stream sites (range: 0.19–1.43 pg/ml). Salamanders from urban
populations may have released less CORT when leached in well water,
possibly due to improved water quality (e.g., lower exogenous CORT,
decreased conductivity). Conversely, rural populations may have negatively responded to small changes in water chemistry when added to
the well water. Although speciﬁc conductivity of the well water was
higher or the same as the rural sites and lower than most of the urban
sites, diﬀerences of several hundred μS/cm are unlikely to be biologically meaningful for Eurycea (e.g., Poteet and Woods, 2006). Lower
overall stream background CORT values in 2014, or other unmeasured
variables (e.g., PAH and organochlorines), may have mediated these
diﬀerences. Although we did not observe diﬀerences in stream discharge among years, spring rains and ﬂooding earlier in the year may
have inﬂuenced both salamander baseline CORT and stream background CORT, resulting in the year-eﬀect we observed.
The pattern of elevated baseline CORT release rates in urban
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