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As humans continue to infringe on natural habitats, more animals are exposed to
urbanization and its associated challenges. It is still unclear, however, whether the
movement of animals into urban habitats negatively influences the health and/or survival
of those animals, however those animals often experience shifts in resource availability,
diet composition, and exposure to stimuli that are new and potentially stressful. Recently,
white ibises (Eudocimus albus) have become increasingly common in urban habitats
where they forage in close proximity to humans and even interact with them, collecting
food handouts. We hypothesized that foraging in urban habitats would negatively
impact measures of health, impair innate immunity, trigger elevated concentrations of
corticosterone, and depress physiological responses to stressors in white ibises. We
found that plasma from birds captured from urban sites had higher bactericidal capacity
against Escherichia coli than those captured in natural sites. Additionally, adults captured
in urban habitats had a significantly lower baseline corticosterone concentrations during
the post-breeding season, and corticosterone responses to a handling challenge were
lower for birds captured from urban sites during year 2 of the study. These results
indicate that exposure to urban habitats impacts ibis health, though in the opposite
direction of what was predicted.

Keywords: urbanization, corticosterone, Salmonella, stress, microbicidal, immune, glucocorticoid, bird

INTRODUCTION

The ability of a species to adapt to, and subsequently succeed in, urban environments is an area of
study of increasing importance as urbanization continues to transform natural habitats. Central to
survival in a changing environment is the ability to recognize and aptly respond to novel situations
or factors within a short period of time and without adverse effects on health (Bonier, 2012). The
effects of urbanization are often species-specific, making some species better-equipped for urban
habituation than others (Bonier et al., 2007; Evans et al., 2011). Supplemental resources in urban
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habitats provide wildlife with opportunity, however moving to
urban habitats often means exposure to new sets of challenges
that wildlife must acclimate or even adapt to if they are to exploit
the resources provided there (Lepczyk et al., 2004; Vincze et al.,
2016; Bradley and Altizer, 2007); this is particularly relevant when
discussing species of conservation concern, and those whose
natural habitats are disappearing.

Historically, it was assumed that urban environments were
suboptimal for most species when compared with their native
habitats. Frequent exposure to new stimuli [e.g., humans, lights,
anthropogenic noise, etc. (McKinney, 2006)] or inadequate
nutritional quantity or quality (Becker et al., 2015) can act as
challenges to wildlife. In vertebrates, environmental challenges
are often transduced into physiological signals through the
hypothalamic-pituitary-adrenal axis, which functions to shift
energy balance to critical physiological functions needed
during the challenge (Sapolsky et al., 2000). In birds, the
glucocorticoid corticosterone is the main adrenal hormone that
responds during such a challenge, and there are some studies
showing that exposure to urban environments may result in
higher concentrations of corticosterone in birds (Zhang et al.,
2011; Russ et al., 2015). However, many studies have shown
no relationship between living in urban environments and
circulating corticosterone concentrations (reviewed in Bonier,
2012 and Injaian et al., 2020) and still other studies indicate
that individuals in urban environments may instead have lower
concentrations of circulating corticosterone (Schoech et al., 2004;
French et al., 2008). These studies call into question whether
living in an urban environment is, in fact, challenging to animals.
Indeed, many species have adapted to and are still abundant in
urban environments.

Also of concern are the potential effects that urban exposure
may have on the immune system. Urban environments often
bring with them novel pathogens and higher population
densities, which can facilitate higher rates of pathogen
transmission and parasites (Delgado-Valez and French, 2012;
Becker et al., 2015). Novel dietary components consumed
in urban environments may be limited in critical nutrients
or overall caloric availability (Becker et al., 2015), or may
even be contaminated (Milner et al., 2014). This could have
dramatic effects particularly for aspects of the immune response
that are energetically costly or require specific nutrients. For
example, T-lymphocytes require specific protein levels and
types to function properly (Lochmiller et al., 1993; Murray
et al., 2016), and a meta-analysis of birds revealed that an
immune response comes with a significant elevation in energy
consumption (Hasselquist and Nilsson, 2012). Finally, elevations
of glucocorticoids have well-documented suppressive effects
on immunological responses (Kleist et al., 2018; Padgett and
Glaser, 2003), an important factor if urban environments do,
in fact, provoke an adrenal response. There are some studies in
which exposure to urban habitats depressed immune responses
in birds (Zylberberg et al., 2013; Bailly et al., 2016). Still other
studies show no difference in immune responses between urban
and rural animals (Iglesias-Carrasco et al., 2017; Amdekar et al.,
2018), and in some studies, immune responses are larger in
urban individuals (Audet et al., 2015; Møller, 2009). Once again,

it is unclear whether exposure to urban environments is truly
challenging to wildlife.

To better understand how exposure to urban habitats
influences physiology in wildlife, we measured how a measure
of innate immune function, plasma bactericidal capacity
against both Escherichia coli and Salmonella paratyphi B.,
varies in American White Ibises by the habitat (urban vs.
natural) in which the birds were captured. This measure
of immune function is influenced by challenging conditions
such as captivity, handling, and restraint (Matson et al., 2006;
Buehler et al., 2008; Merrill et al., 2012; Gao et al., 2017).
We also measured baseline corticosterone and corticosterone
elevations in response to handling to assess whether urban
ibis show higher baseline concentrations of this hormone and
whether they exhibit differences in their abilities to respond
to a psychological challenge. A depressed ability to produce
corticosterone in response to a challenge may indicate a
downregulation of the hypothalamic-pituitary-adrenal axis in
response to chronic physiologically challenge (Sapolsky et al.,
2000), or alternatively, a heightened response could indicate a
heightened state of psychological reactivity (Pusch et al., 2018).
We hypothesized that, if foraging in urban environments and
consuming anthropogenic resources is harmful to ibises, ibises
captured in urban environments would have dampened plasma
bactericidal capacity, higher levels of baseline corticosterone,
and differences in the way they respond to the psychological
stress of handling.

MATERIALS AND METHODS

Study Species
American white ibises (Eudocimus albus) are wading birds
commonly found in wetlands along the coast of the southeastern
United States. While they continue to breed in mixed-flock
rookeries in freshwater wetlands, white ibises have recently
become frequent foragers in urban habitats throughout South
Florida (Boyle et al., 2014). Florida is one of the most rapidly
urbanizing landscapes in the United States, and anthropogenic
development, contamination, and draining have degraded the
wetlands (Chimney and Goforth, 2001; Dorn et al., 2011). Likely
in response to wetland degradation in Florida, ibis nesting
numbers have declined significantly over the past 80 years in
the state of Florida, and they are now listed as a Species of
Concern (Crozier and Gawlik, 2003; Frederick et al., 2009). White
ibis naturally prey on aquatic invertebrates, fish, and insects
(Kushlan, 1986; Bancroft et al., 2002). As a result of recent
changes to wetland ecosystems, water levels are often suboptimal
for natural foraging and natural prey abundance for white ibis
fluctuates more than it has naturally in the past. Ibis are now
commonly found foraging throughout urban parks, zoos, and
residential neighborhoods (Dorn et al., 2011). While they can
maintain their natural foraging behavior and consume terrestrial
invertebrates and aquatic organisms in these habitats, portions of
their diet come directly from human handouts (e.g., park goers
tossing bread) or landfills (Murray et al., 2018). The provisioned
resources ibis consume vary in carbohydrate and protein content
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from their natural diets and these diets may have implications,
both beneficial and detrimental, on their physiology and the
habitat types that this nomadic species chooses to inhabit (Kidd,
2018; Murray et al., 2018).

Previous studies have shown varying effects of urbanization
and provisioned diets on the health and ecology of the American
white ibis. Murray et al. (2018) found a negative relationship
between urbanization and body condition, likely a result of
shifts in dietary quality, as birds captured from more urbanized
sites consumed diets higher in urban resources; Hernandez
et al. (2016) reported a higher prevalence of Salmonella spp. in
ibis captured in landscapes affected by urbanization and Curry
(2017) showed that the degree of urbanization at sites where
ibis were captured was positively related to fecal glucocorticoid
concentrations. These results indicate ibis health may respond
negatively to urbanization. However, ibis captured in more
urban habitats had fewer ectoparasites (Murray et al., 2018),
indicating potential tradeoffs in ibis physiology when foraging
in urban areas. In fact, reliable access to supplemental resources
(or other urban-associated benefits) may allow urban ibis to
commit more time for other activities, such as preening (i.e., to
remove ectoparasites).

Study Area
To assess how urban resource provisioning affects ibis health,
plasma bactericidal capacity and corticosterone concentrations,
we captured ibises at 18 sites within Palm Beach County
(PBC), Florida, a highly developed county with portions of the
Everglades wetland ecosystem located immediately to the west
where white ibis are commonly found. Ten sites were classified
as urban and 8 as natural; Classifications were made based
on impervious land cover and ibis behavior, such that urban
sites were those where birds were seen being fed or consuming
provisioned resources and were habituated enough to human
presence to be approached within 30 ft, while natural sites
contained birds that would flush an area if a human came within
30 ft. Urban sites included several public parks, a zoo, a landfill,
and a residential cul-de-sac. Natural sites consisted of either
constructed, restored, or undisturbed wetlands. Details of the
sites are shown in Figure 1.

Capture and Sample Collection
We captured ibises during 6 field seasons from 2015 to 2017; these
were categorized based on by weather fluctuations and ibis life
history as pre-breeding (February and March), breeding (June
and July), and post-breeding (October and November) seasons
(Heath and Frederick, 2003). Ibis were either captured using
nylon leg lassos or a flip-nets (urban sites) or ibis decoys and mist
nets (natural sites) (Heath and Frederick, 2003; Hernandez et al.,
2016). To obtain a baseline blood sample, birds were physically
restrained immediately after capture (while still in net or lasso)
for blood collection from the medial metatarsal vein within 3 min
of capture to avoid the confounds of handling stress, because
Romero and Reed (2005) showed that birds can begin mounting
a stress response even prior to 3 min after the beginning of
handling in some cases. Thereafter, birds were held in well-
ventilated pillowcases until we collected biological samples, mass,

and morphometric measurements. Blood was then collected at
two additional time points (15 min post-capture and 30 min post-
capture) from either the metatarsal or jugular vein to assess stress
responses provoked by handling of birds; it has been shown in
many avian species that this is an adequate amount of time to
induce a stress response resulting in an increased concentration
of corticosterone in the blood (Romero and Romero, 2002).

Blood was transferred to heparinized tubes and immediately
stored in a cooler with frozen gel packs. Blood samples were
centrifuged within 2 h of collection for 10 min at 3,500 × g to
obtain the plasma for our analyses. We then aliquoted 80 uL
from time points A and B into individual cryovials for use in
bactericidal assays and 80 uL from time points A, B, and C into
individual cryovials for use in corticosterone analyses. Aliquots
were stored in liquid nitrogen and at the end of a field season
transferred to a −80◦C freezer for subsequent analyses, which
were conducted within 6 months of collection.

For the measure of general health, body condition was
calculated as the residuals of the regression of mass to tarsus
length. All methods used were approved by the University of
Georgia Institutional Animal Care and Use Committee (AUP#
A2016 11-019-Y3-A3).

Bactericidal Assays
We used bactericidal assays following Matson et al. (2006) with
minor modifications to measure in vitro bactericidal capacity of
plasma using an assay that gives a proportion of colony-forming
units (CFU) that have been killed by the plasma compared to a
control without plasma. Quantification of bactericidal capacity
was performed using both Escherichia coli from a working
culture following manufacturer’s instructions (E. coli ATCC
8739 pellets, Microbiologics, St. Cloud, MN, United States) and
S. paratyphi B, a strain that was isolated from white ibises
and the habitats where they forage. Aliquots of E. coli and
S. paratyphi were made from dilutions of each bacteria with
a mixture of 80% culture broth (Sigma-Aldrich Inc., St. Louis,
MO, United States) and 20% glycerol (VWR International,
Radnor, PA, United States) at a dilution which resulted in ∼600
CFUs/10 µL when plated and incubated at 37◦C. Ibis plasma
was diluted with CO2-independent media (Life Technologies,
Carlsbad, CA, United States) enriched with 4 mM L-glutamine
(VWR International). For use in E. coli assays, plasma dilutions
were optimized to achieve an average of ∼30–80% killing. The
plasma dilutions needed to achieve this varied substantially
between seasons and years, ranging from 1:70 in 2015 to 1:10
in 2017. The variation in plasma dilutions is likely due to the
variation in bactericidal capacity by season and year; there were
no obvious changes in storage conditions or assay methods that
explained this variation. For all S. paratyphi assays, we used a
1:2 (60 µL plasma + 60 µL media mixture) plasma dilution;
no variation in dilution was necessary. 120 µL of each plasma
dilution was then separately combined with 40 µL of each
bacterial aliquot (from pre-made aliquots) and left to incubate
at room temperature for 30 min. Controls contained only
bacteria and media. 50 µL of all plasma-bacteria combinations
and controls were plated onto tryptic soy agar plates (VRW
International) in duplicate, and all plates were incubated at
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FIGURE 1 | A diagram of the sampling locations, with urban environments circled in yellow and natural environments circled in white. The size of the circle indicates
the proportion of the diet that contains anthropogenic sources, as indicated by radioisotope analyses conducted in Murray et al. (2018). The table contains the
number of animals captured at each site.

37◦C for 16h, after which the number of growing colonies were
counted. The average of the 2 plates per sample, including the
controls, was taken; the bactericidal capacity for each sample was
then calculated as:

(mean control colonies-mean sample colonies)/mean control
colonies

Bactericidal capacity was primarily assessed using time point
A plasma, however, some A samples did not contain enough
plasma for both Salmonella and E. coli assays, so B results were
reported for E. coli in those cases. In a separate preliminary
analysis, we tested whether bactericidal capacity against E. coli
was similar between A and B time points by comparing 10 sets of
samples using a simple regression analysis. For 9 of 10, samples
between the two time points were highly correlated (R2

= 0.90,
p < 0.0001). Only 1 was substantially different between the two
(11% killing versus 99%) and we believe this was due to sampling
error. Thus we felt comfortable using B samples when A samples
were not present. In total, we assessed 89 urban and 83 natural
ibises for bactericidal ability against E. coli and 55 urban and 50
natural ibises for bactericidal ability against S. paratyphi.

Because the scales of plasma dilutions needed to achieve
bacterial killing within a measurable range varied widely among
seasons and years for our assays involving E. coli, we needed to
standardize the data to allow true comparisons of bactericidal
capacity. To allow for integration of all plasma dilutions used in
E. coli bactericidal assays (1:70, 1:25, 1:10) into one analysis, we

converted initial E. coli bactericidal values to a uniform scale by
multiplying the proportion of colonies killed from each sample by
the dilution factor used over the maximum dilution factor used
(70) (equation below). This transformed bactericidal values from
assays using a 1:25 or 1:10 dilution to a value calculated on a
1:70 scale (e.g., how many colonies the sample would kill using
a 1:70 dilution).

Transformed bactericidal capacity = proportion of colonies
killed x (X∗/70)
∗ X = dilution factor used in bactericidal assay (either 70, 25,

or 10)
This calculation assumes a linear relationship between plasma

dilution and bactericidal capacity, which is what we have
generally seen in previous validation experiments.

Plasma Corticosterone Analyses
Plasma corticosterone was measured at the three time points
(A, B, and C = 0 min, 15 min and 30 min after capture) using
an enzyme-linked immunosorbent assay (ELISA; Corticosterone
ELISA Kit, Enzo Life Sciences) (Herring et al., 2011). We followed
kit instructions for a small sample volume of serum/plasma,
resulting in a 1:40 dilution of each plasma sample. Time
point A was regarded as each individual’s baseline. Because
the highest corticosterone concentration was found at Time
point B for some birds and Time point C for others, the
peak corticosterone response was then calculated as the baseline
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subtracted from the highest corticosterone concentration (either
time point B sample or time point C sample). We only used
individuals for which all three time points were available to
calculate peak corticosterone responses. This resulted in a total
of 160 observations of baseline corticosterone (80 urban, 80
natural) and 148 (76 urban, 72 natural) observations of peak
corticosterone responses. Inter-assay variation for these kits
did not exceed 8%.

Statistical Analyses
To ensure that variables met model assumptions, we
arcsin transformed bactericidal values and log transformed
corticosterone concentrations for analyses. To explore whether
the habitat in which birds were captured was related to body
condition, differences in plasma bactericidal capacity, baseline
corticosterone concentrations, and the maximum corticosterone
elevations in response to handling, we used separate general
linear models for each dependent variable. We included habitat
(urban or natural), sex (male or female), season of capture
(pre-breeding, breeding, or post-breeding), and year of capture
(1 or 2), as well as the interactions between habitat and each
of these variables as predictor variables. Prior to fitting the
model, we checked for multicollinearity and excluded any highly
correlated variables. To further tease out interaction effects,
Fisher’s PLSD post hoc tests were used. In addition, to test
whether birds captured in the two habitats differed in the timing
of their corticosterone peaks, we used a logistic regression,
assigning birds a code of “1” when their highest concentration of
corticosterone occurred at timepoint B and “2” when it occurred
at timepoint C. Finally, we conducted simple regression analyses
to test for relationships among the dependent variables. All
analyses were done using JMP R© Pro, Version 15. SAS Institute
Inc., Cary, NC, 1989–2019.

RESULTS

Influences of Habitat on Plasma
Bactericidal Capacity
We captured 170 ibises at 18 sites. For overall ibis health,
we found that body condition was not different between
birds captured in urban versus natural environments, but was
related to sex, age, and season of capture (F1,165 = 5.60,
p < 0.0001, Table 1). Post hoc analyses indicated that body
condition was highest in males (p < 0.0001) and adult birds
(p = 0.0056), and was higher in the pre-breeding season (Feb-
Mar) compared to breeding (p < 0.0001) and post-breeding
(p= 0.0013) seasons.

We then explored whether being found in an urban habitat
influenced plasma bactericidal capacity, and whether any effects
varied with season and year during which samples were collected,
and the age of the birds. Our model analyzing effects on plasma
bactericidal capacity against E. coli indicated that the ability of
birds to kill E. coli differed significantly based on the habitat in
which the birds were captured; birds captured in urban habitats
showed significantly better abilities to kill E. coli compared with
birds captured in more natural habitats (F1,171 = 29.67, p < 0.01)

(Table 2 and Figure 2). This was only true for plasma bactericidal
capacity against E. coli, however.

A significant habitat year interaction indicates that this effect
was more pronounced during year 1 than year 2. In fact, birds
captured in year 1 showed significantly higher capacities to kill
E. coli compared to birds captured from year 2 (F1,171 = 101.95,
p < 0.01) (Table 2). This difference was so dramatic that we
needed to use plasma that was 7 times more dilute in year
1 compared to samples run in year 2 (see Figure 2). Plasma
bactericidal capacity against S. paratyphi also differed between

TABLE 1 | Results of model testing whether body condition relates to habitat
(urban or natural) in which a bird is captured, sex, age, season, and
year of capture.

Habitat and body condition
Response

variable Effect df F p Effect size

Body condition Habitat 1 1.70 0.19 10.16

n = 168 Sex 1 21.55 <0.0001 −34.55

F = 5.60 Age 1 7.02 0.0089 21.18

p < 0.0001 Season 2 10.56 <0.0001 45.58

Year 1 0.21 0.65 3.15

Habitat*Sex 1 0.11 0.74 2.52

Habitat*Age 1 0.57 0.45 −5.77

Habitat*Season 2 0.03 0.97 2.11

Habitat*Year 1 1.35 0.25 −8.04

Bold values indicate statistically significant factors according to an alpha value of
0.05.

TABLE 2 | Results of model testing whether the ability of blood plasma to prevent
the growth of E. coli and S. paratyphi relates to habitat (urban or natural) in which
a bird is captured, sex, age, season, and year of capture.

Habitat and bactericidal capacity

Response variable Effect df F p Effect size

Bactericidal Capacity Habitat 1 0.08 0.78 0.008

(S. paratyphi B) Sex 1 0.61 0.44 −0.016

n = 105 Age 1 0.54 0.46 0.015

F = 1.38 Season 2 0.29 0.75 −0.019

p = 0.20 Year 1 1.39 0.24 0.032

Habitat*Sex 1 3.16 0.08 −0.036

Habitat*Age 1 0.40 0.53 0.013

Habitat*Season 2 2.47 0.09 0.062

Habitat*Year 1 0.02 0.89 0.003

Bactericidal Capacity Habitat 1 29.83 <0.0001 0.149

(E. coli) Sex 1 0.51 0.47 0.019

n = 172 Age 1 0.72 0.40 0.022

F = 19.27 Season 2 14.51 <0.0001 0.107

p < 0.01 Year 1 104.21 <0.0001 0.246

Habitat*Sex 1 0.99 0.32 −0.025

Habitat*Age 1 4.22 0.041 −0.054

Habitat*Season 2 1.94 0.15 0.06

Habitat*Year 1 10.19 0.001 0.077

Bold values indicate statistically significant factors according to an alpha value of
0.05.
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FIGURE 2 | Bactericidal capacity against E. coli in plasma from birds captured
in urban and natural habitats in years 1 and 2 of the study. Habitats were
classified based on behavior of birds at that site, particularly the likelihood that
a bird would be habituated to humans at that site. Numbers inside each box
indicate sample sizes, and an asterisk indicates a significant difference in
bactericidal capacity between urban and natural birds based on Fishers PLSD
analyses.

years, but the difference was not as pronounced. The final model
for S. paratyphi indicated no significant differences in the abilities
of birds from urban versus natural habitats to kill S. paratyphi
(F1,104 = 0.09, p= 0.76) (Table 3).

TABLE 3 | Final model testing the influences of habitat baseline concentrations of
corticosterone, and changes in concentrations of circulating corticosterone in
response to the stress of handling.

Habitat and measures of

physiological challenge
Response

variable Effect df F P Effect size

Baseline plasma
corticosterone

Habitat 1 0.01 0.92 −0.007

n = 160 Sex 1 0.05 0.82 0.015

F = 3.35 Age 1 2.61 0.11 0.109

p < 0.01 Season 2 11.99 <0.001 0.355

Year 1 0.21 0.65 0.028

Habitat*Sex 1 4.04 0.05 −0.133

Habitat*Age 1 0.62 0.43 0.053

Habitat*Season 2 4.64 0.011 −0.228

Habitat*Year 1 0.004 0.95 −0.004

Plasma
corticosterone
response

Habitat 1 0.61 0.44 −0.04

n = 148 Sex 1 1.45 0.23 −0.06

F = 1.41 Age 1 0.614 0.44 0.038

p = 0.18 Season 2 2.92 0.057 0.153

Year 1 0.93 0.34 −0.043

Habitat*Sex 1 0.75 0.39 0.04

Habitat*Age 1 0.40 0.53 −0.03

Habitat*Season 2 0.24 0.79 0.03

Habitat*Year 1 4.87 0.029 0.099

Bold values indicate statistically significant factors according to an alpha value of
0.05.

We also found that plasma bactericidal capacity varied
substantially based on the season of capture. The ability of
birds to kill E. coli was significantly lower in the breeding
season (June and July) compared to the other two seasons
(F2,170 = 14.36, p < 0.01) (Table 1 and Figure 3), while there
was no seasonal variation in the ability to kill S. paratyphi
(F2,146 = 0.09, p= 0.51).

Finally, we also found an effect of habitat on the relationship
of how plasma bactericidal capacity against E. coli related to
age. In natural environments, juveniles had significantly higher
bactericidal capacities than adults (p = 0.04), but there was
no significant differences between the age groups in urban
birds (p = 0.21) (Figure 4). Plasma bactericidal capacity was
numerically greater in urban birds compared to natural birds for
both age groups, indicating a greater difference between natural
and urban birds in the adult group compared to the juveniles.

Baseline Corticosterone
We next explored whether being found in an urban habitat
influenced baseline corticosterone concentrations, and whether
any effects varied with season and year during which samples
were collected, as well as with the age of the birds. There
was no significant effect of habitat on baseline corticosterone
overall (F1,159 = 0.01, p = 0.92) (Table 2). There was,
however, a significant interaction between habitat and season
(F2,158 = 4.64, p = 0.01) (Table 2). When examining the
relationships between habitat and baseline corticosterone in
individual seasons using post hoc analyses, the direction of the
patterns differed between seasons; in the post-breeding season
(October and November), urban birds had significantly lower
concentrations of corticosterone in circulation compared to
natural birds (p = 0.03), while there was no difference between
urban and natural birds in the other two seasons (breeding:
p= 0.96, pre-breeding: p= 0.13) (Figure 5).

Birds captured in urban habitats show a different seasonal
profile in baseline corticosterone concentrations compared to
natural birds; natural birds have low levels of corticosterone
in the breeding season (June and July) compared to all other
seasons (F2,77 = 11.23, p < 0.01) while urban birds have low
corticosterone concentrations during both the breeding and
post-breeding (October and November) seasons (F2,77 = 3.25,
p= 0.05) (Figure 5).

Stress-Induced Corticosterone
Responses
When examining the corticosterone response to handling stress
(i.e., the change in corticosterone from baseline to maximum
levels during handling), we found a significant habitat by
year interaction (F1,147 = 4.18, p = 0.04); post hoc analyses
showed that the peak corticosterone response was significantly
higher in the natural habitat compared to the urban habitat,
but only during the second year of the study (p = 0.01).
Finally, a logistic regression analysis showed that birds from
the two habitats did not differ in terms of whether their peak
corticosterone responses occurred at 15 or 30 min after capture
(χ2
= 0.99, p= 0.32).
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FIGURE 3 | Bactericidal capacity (mean ± SE) against (A) E. coli and (B) S. paratyphi in plasma collected from birds in the pre-breeding, breeding, and
post-breeding seasons. Numbers in the bars indicate sample sizes and different letters above bars indicate significant differences. Urban and natural populations
were combined in these figures.

FIGURE 4 | Bactericidal capacity against E. coli in plasma from juvenile and
adult birds breeding in urban and natural habitats. A Fisher’s PLSD post hoc
analysis was used to determine whether breeding in an urban or natural site
influenced the differences in bactericidal capacity in juvenile and adult birds. In
natural environments, juvenile birds had significantly higher bactericidal
capacity against E. coli than natural birds. This relationship was not present in
urban environments. Numbers in the bars indicate sample sizes and an
asterisk above indicates a significant difference between juvenile and adult
birds.

DISCUSSION

In this study, we tested whether foraging in urban habitats
influences measures of health, physiological challenge, and
immunity in white ibises. We predicted that foraging in
urban habits would lead to indications of impaired health,
including lower body condition, decreased ability to kill bacteria
in vitro, higher concentrations of corticosterone, and depressed
physiological responses to a handling stress. Instead, we found
the opposite. Plasma from urban ibises was more capable of

preventing growth of one bacterial species. Ibises from urban
habitats also had lower concentrations of corticosterone in
circulation compared to natural ibises during the post-breeding
season, and had lower responsiveness to stress than natural
ibises during year 2 of the study. Overall, these results indicate
that foraging in urban habitats may not be as physiologically
challenging as was initially predicted.

While our results did not match our predictions, they do
match results of studies in some other species. For example, in
adult tree swallows (Tachycineta bicolor), birds living in areas
with a high level of agricultural development had higher levels
of plasma bactericidal capacity, the same measure employed in
the current study (Schmitt et al., 2017). Barbados bullfinches
(Loxigilla barbadensis) captured in urban environments had
larger T-cell mediated immune responses to phytohemagglutinin
compared to rural birds (Audet et al., 2015). Further, in a study
of 39 avian species found in urban environments, urban birds
generally had larger bursa of Fabricius, the organ responsible
for producing B-lymphocytes in young birds (Møller, 2009).
Garamszegi et al. (2007) suggested that animals exhibiting higher
levels of feed innovation tend to have larger bursa of Fabricius
as a result of parasite-mediated selection. This would indicate
that exposure to novel food brings with it an exposure to novel
pathogens, and as a result, selection for a more robust set of
immune responses. If this is in fact the case, it is possible that we
are seeing selection for a more robust innate immune response,
particularly the ability to kill bacteria in the bloodstream.

It is important to note, however, that we measured a
completely different aspect of the immune system that is generally
unrelated to bursal size. The bactericidal capacity of plasma is a
constitutive response that is largely dependent on complement
activity using proteins that are already in circulation (Merchant
et al., 2003). Studies suggest that this measure of immunity
is negatively influences by stress (Matson et al., 2006; Buehler
et al., 2008; Merrill et al., 2012; Gao et al., 2017), is positively
correlated to the presence of ectoparasites in another species
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FIGURE 5 | Baseline corticosterone concentrations (means ± SE) in birds
captured in urban and natural habitats, split according to whether birds were
captured in the pre-breeding (February-March), breeding (June-July), or
post-breeding (October-November) seasons. Fisher’s PLSD post hoc
analyses were used to examine whether corticosterone concentrations were
significantly different between habitats in each of the seasons. Habitats were
classified based on behavior of birds at that site, particularly the likelihood that
a bird exhibited evidence of habituation to humans at that site. Numbers in the
bars indicate sample sizes and an asterisk indicates that values were
significantly different between urban and natural habitats.

(Girard et al., 2011), and may also be heritable (Stambaugh et al.,
2011). These studies add promise to the idea that bactericidal
capacity may indicate health and could be a target of selection
in ibises. However, to our knowledge, there are no studies
examining the energetic cost, if any, of constitutive bactericidal
capacity, and we still need to know more about how this measure
relates to the ability of an animal to battle disease.

If, in fact, white ibises are undergoing selection for a more
potent bactericidal capacity, it is unclear why the bactericidal
response to E. coli was different between the two habitats,
but the response to S. paratyphi was not. While measuring
bactericidal capacity in plasma against E. coli tends to be the
standard, we tested it against S. paratyphi because previous
studies suggest that ibises are carriers of Salmonella to natural
environments and this strain, in particular, is a pathogenic strain
of Salmonella that is found at higher loads in ibises captured in
urban parks (Phalen et al., 2010; Hernandez et al., 2016). It was
surprising to see such a low response to this bacterial species,
and the reason behind the difference in patterns of bactericidal
capacity against the two species remains unclear. However,
Tieleman et al. (2010) also showed that bactericidal capacity
differs against different pathogens. The process of bacterial killing
via complement is complex; complement can mark the bacteria
for destruction by phagocytes or bind itself to the bacteria and
activate proteases that kill the bacteria (Blom et al., 2009). As a
result, the mechanisms of defense against E. coli and S. paratyphi
could differ, and the availability of cell types and/or functional
components needed to carry out the bactericidal activity for each
bacterial type could be differentially influenced by environmental
variables. Thus, it’s possible that we are seeing selection on

an aspect of the immune system that is particularly suited to
combat invasion by E. coli and other species that provoke a
similar response. We must also consider that these pathogens
tend to infect animals via an oral or fecal route, invading the
digestive system. Immunity in the gut can differ from levels of
immunity in plasma, so the plasma assay that we used here may
not accurately show how well the ibis can combat one or both of
these pathogens. In future work, it is important to test additional
aspects of the immune system in urban and rural ibises.

Our baseline plasma corticosterone values (mean ± SE =
5.92 ng/mL ± 0.45) were comparable to previously recorded
values in white ibis (Herring et al., 2011) and there are also studies
to support our finding that urban ibises had lower corticosterone
concentrations during part of the year. Urban tree lizards
(Urosaurus ornatus) had lower concentrations of corticosterone
and lower heterophil:lymphocyte ratios (French et al., 2008),
which is often used as a measure of long-term physiological
challenge, compared to natural counterparts. Similarly, urban
Florida scrub jays had lower concentrations of corticosterone in
circulation than woodland jays (Schoech et al., 2004). There is
even evidence that urban animals may process stressful stimuli
differently than natural counterparts; urban blackbirds have
different single nucleotide polymorphisms for genes that are
associated with anxiety-related traits (Müller et al., 2013). Our
finding that natural birds had higher stress responses than urban
birds supports the idea that these birds are more anxious or
psychologically reactive (Pusch et al., 2018), though it is unclear
why we only saw this pattern in year 2 of our study and not in
year 1. More work is needed to further understand whether urban
ibises process stressful stimuli differently than those in natural
environments, and what environmental conditions may influence
those processes.

It is unclear why the relationship we found between habitat
and baseline corticosterone concentrations was only present in
the post-breeding season (October-November). In birds captured
in natural habitats, corticosterone concentrations increased
significantly after the breeding season, but in urban birds,
concentrations remained low through the post-breeding season.
This seasonal pattern is not uncommon in birds; glucocorticoids
tend to decrease during breeding and rise when birds are not
breeding (Romero, 2002). Other studies have also shown that the
relationship between corticosterone concentrations in urban and
natural birds varies seasonally. For example, Fokidis et al. (2009)
found that urban northern mockingbirds (Mimus polyglottos) had
lower baseline corticosterone levels than birds in natural habitats
during the non-breeding season, but this effect disappeared
during breeding and post-breeding/molting seasons. So while
there was seasonal variation in both species, our pattern does not
match that seen in the northern mockingbirds.

It is likely that the life history of white ibises during
the post-breeding season drives the habitat-related patterns of
baseline corticosterone that we saw. Using stable isotope of
urban ibis feces, Murray et al. (2018) showed that urban ibises
took in more anthropogenic food during the post-breeding
season than any other season. Further, our ibises experienced
a significant drop in body condition between our measure
during the breeding season (June-July) and our post-breeding
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measure (October-November). Perhaps the consumption
of anthropogenic food alleviates challenges associated with
foraging and decreases corticosterone concentrations as a
result. Indeed, work in multiple avian species shows elevated
corticosterone concentrations when food resources are limited
(e.g., Kitaysky et al., 1999; Doody et al., 2008). More studies
must be done to tease out the relationships between resource
availability and corticosterone concentrations in urban and
natural environments.

We are still left with a question of why plasma bactericidal
capacity and that habitat differences in the corticosterone
responses to handling stress differed substantially between the
2 years of the study. While it is possible that the yearly effects
in plasma bactericidal capacity were due to the age of the bacteria
used, we think this is unlikely because the aliquots of bacteria that
were used for these assays remained frozen at −80◦C until use,
and we were able to use the same bacterial dilution to produce the
needed 200 colonies through the duration of the experiment. In a
study in house martins (Delichon urbicum), nestlings reared after
a period of high rainfall amounts had significantly larger T-cell
mediated swelling responses to phytohemagglutinin (Christe
et al., 2001), so it is possible that ability to mount responses to
E. coli and corticosterone could be dependent upon energetic
reserves and the resources available. However, body condition
was similar between years, and while there was some variation
in precipitation between the study years, this variation wasn’t
very large (52 inches in 2016 and 2016 versus 58 inches in 2017)
(Florida Climate Center, 2020). Thus, it is unlikely that rain-
related resources drove the differences that we saw in plasma
bactericidal capacity between years. More work needs to be done
to determine how both bactericidal capacity and corticosterone
responses vary by time and season, and how external variables
may influence these measures.

In conclusion, American white ibis physiology may be affected
by exposure to urban habitats, but in the opposite direction
than was predicted. In addition, the innate bactericidal response
to bacteria, the daily production of corticosterone, and the
corticosterone responses to challenges are all dependent not
only upon habitat, but also upon environmental variables
such as weather challenges, food availability, social interactions,

and pathogen challenges that differ between seasons and
between years. More work needs to be done to test what
environmental variables most potently influence immunity and
adrenal physiology in white ibises, and how urbanization
interacts with those variables to shape ibis acclimation, selection
and ultimately survival in these novel environments.
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