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Abstract

Land use changes can have morphological and physiological impacts on wildlife. This study aimed to explore

the influence of anthropogenic land use on the morphology and corticosterone concentrations in two songbirds
endemic to the Galapagos archipelago: the granivorous Small Ground Finch Geospiza fuliginosa and the
insectivorous Galapagos Yellow Warbler Setophaga petechia aureola in San Cristobal Island. Birds were caught and
measured between June and August 2018 and June and July 2019 across four areas with different human land
uses: urban green areas in the coastal town of Puerto Baquerizo Moreno, natural deciduous forest in the lowlands,
agricultural areas in the highlands, and seasonal evergreen forest in the highlands. Morphological comparisons
among study areas were made using ANOVA or the Kurskall-Wallis test. Corticosterone levels obtained from tail
feathers were measured with an ELISA test. Linear regression models were employed to explore the effects of the
different human land uses on corticosterone concentrations. For G. fuliginosa, we found significant differences
(p<0.05) in weight, wing, and tarsus length between natural and disturbed habitats. The linear regression results
showed higher corticosterone concentrations in urban G. fuliginosa than those in agricultural and natural habitats.
Additionally, higher corticosterone concentrations were found in finches captured in 2018, a year with much
higher precipitation than in 2019. For S. petechia aureola, the only significant difference (p <0.05) between areas
was a wider beak in birds captured in the seasonal forest compared to those from urban areas. Although our
sample size does not allow for definitive conclusions, our results provide evidence that the ecology of each species
plays a crucial role in shaping their morphological and physiological responses to land use changes and seasonal
environmental changes.
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Introduction

Natural ecosystems are undergoing drastic transforma-
tions due to the intensification of urban and agricul-
tural land use [1, 2]. These human-induced disturbances
can destabilise local animal communities by altering the
availability of food, breeding sites, and hunting territories
[3—6]. In addition to ecological impacts, land use changes
may also act as stressors, leading to morphological and
physiological consequences for animals [7-9]. Stress
may lead to changes in the size and shape of individuals
[10-12] while also modifying their levels of glucocorti-
coids—hormones that modulate animal response to new
environmental demands [7]. While short-term glucocor-
ticoid secretion can enhance fitness in critical situations
[7], prolonged elevated levels may impair physiological
homeostasis [7, 13, 14].

Birds are an effective animal model for hormonal
studies because they have been extensively studied, and
robust methodologies and extensive reference data are
available [15, 16]. Most studies of avian stress in rela-
tion to human impact use the hormone corticosterone
as an indicator [15]. Corticosterone is a physiological
marker released along with other glucocorticoids in the
stress response mediated through the hypothalamic-
pituitary-adrenal axis [14, 17]. Previous reports in birds
have found contrasting results regarding changes in cor-
ticosterone levels due to urbanisation [15, 18—22]. For
certain species, differences between hormone concen-
trations between urban and non-urban bird populations
have been suggested [15, 19, 23]. Given the potential
adverse effects of prolonged corticosterone elevation on
metabolism and the species-specific nature of hormonal
responses, it is essential to account for interspecific varia-
tion when studying stress responses in avian communi-
ties under human disturbance.

Oceanic islands are ecosystems that are notably vul-
nerable to land-use changes, primarily due to their high
degree of endemism and limited geographic range. These
islands are particularly prone to biodiversity loss due to
habitat changes [24, 25]. A concerning example is Hawaii,
where over half of the native birds have become extinct
due to human-related impacts [26]. In this context, the
inhabited islands of the Galapagos archipelago offer a
suitable scenario for studying the effects of human land
use on bird populations as healthy native habitats con-
verge with disturbed environments [27-29]. Since 1959,
97% of the archipelago area has been protected under the
Galapagos National Park, and human land use is mainly
confined to only 3% of the territory. Urban centres and
agricultural areas on the inhabited islands of the Galapa-
gos directly border large areas of protected native ecosys-
tems, lacking a vegetational cover gradient [28, 29]. The
boundaries of a national park are inherently artificial, and
animals and plants frequently disperse over the border
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between the national park and the designated urban and
agricultural areas [30].

Unlike other oceanic islands, the inhabited islands
of the Galapagos have not experienced mass extinc-
tions; however, there is growing concern over declines in
endemic bird populations [31, 32]. Reported alterations
in the morphology, gut microbiota, and even epigenetic
changes due to anthropogenic land-use expansion and
intensification have been observed in populations of Dar-
win’s finches in the Galapagos [33—37]. Other species are
also affected by anthropogenic disturbance, including the
Galapagos Yellow Warbler, Setophaga petechia aureola,
which is one of the most impacted species by roadkill
[38]. Changes in land use, both agricultural and urban,
may influence the spread dynamics of avian diseases such
as avian pox (Avipoxvirus spp.) and avian malaria (Plas-
modium spp.) circulating on the human-inhabited islands
of the Galdpagos [39-41].

To the best of our knowledge, most studies of bird
populations exposed to anthropogenic impacts on oce-
anic islands have focused on species richness, abundance,
or habitat use, with few addressing questions related to
physiological changes [41—43]. This study aims to explore
the effects of urban and agricultural land use on the
morphology and corticosterone levels of two songbird
species, the granivorous Small Ground Finch Geospiza
fuliginosa and the insectivorous Galapagos Yellow War-
bler Setophaga petechia aureola, on San Cristobal Island,
Galapagos. We hypothesise that these birds will exhibit
differences in hormone concentrations and morphologi-
cal traits between natural, agricultural, and urban envi-
ronments on San Cristobal Island, given the marked
changes in available resources in those environments.

Methodology

Study area

The Galapagos Archipelago comprises 19 main islands
(area>1 km?) and over 100 islets and rocks, with a total
area of 7850 km?. These volcanic marine islands are situ-
ated 930 km off the coast of Ecuador [44]. The climate of
the Galapagos is heavily influenced by oceanic currents
and winds, with vegetation distribution primarily deter-
mined by orogenic rainfall [45, 46]. The islands of Santa
Cruz, San Cristobal, Isabela, and Floreana are inhabited
by humans, with an estimated population of 33,042 peo-
ple living in the archipelago as of 2020 [47]. We carried
out this study on San Cristobal, the easternmost island of
the archipelago [44, 48]. San Cristobal, the fifth-largest
island with an area of 558 km? is also the geologically
oldest island in the Galapagos [44, 49].

Ethics statement
Our study was authorised under research permits PC-51-
18 and PC-59-19, issued by the Galapagos National Park
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Directorate (Direccién del Parque Nacional Galdpagos,
Ministerio del Ambiente). We followed the guidelines for
using wild birds in research by Fair et al. [50].

Study design and data collection

This study was conducted as part of a monitoring pro-
gramme of the land bird populations on San Cristobal
Island. We focused on analysing data from Geospiza fulig-
inosa and Setophaga petechia aureola because they were
the most frequently captured species during our mist-net
surveys. The different feeding guilds of these songbirds
suggest that human impacts would differ between the
granivorous G. fuliginosa and the insectivorous S. pete-
chia aureola. Both taxa are endemic to the Galapagos
and are not currently considered threatened by extinc-
tion (Least Concern, Freile et al. [32]). Surveys were con-
ducted for 36 days in 2018 (from 21 June to 08 August)
and 30 days in 2019 (from 07 June to 17 July) in four
habitats chosen for their different degrees of human land
use (Table 1, Fig. 1), including urban areas, agricultural
areas, deciduous forests, and seasonal evergreen forests.
We sampled two or three points within each habitat. At
each sampling point, we captured land birds using three
mist nets in vegetation gaps. We used two 6 x 2.6 m mist
nets and one 12x 2.6 m mist net. Mist nets were placed
in the same position within the same year, but their posi-
tion varied between years. The placement and orientation
of the mist nets were chosen according to the recom-
mendations of Ralph et al. [51]. For each captured bird,
we recorded the species identity and five morphometric
measurements: tarsus length, wing length, beak width,
beak length, and beak depth. Two tail feathers were col-
lected from each individual for corticosterone extraction.
To track recaptures and minimise handling time, each
captured bird was marked on the tarsus with nail polish
prior to release. Sampling occurred continuously during
morning and afternoon sessions, except on days of heavy
rainfall. During our study, we did not detect any move-
ment of marked birds between our sampling areas. Flight
distances between these areas ranged from 0.8 to 6 km.
Previous research has indicated that G. fuliginosa does
not typically disperse across different habitats [52, 53]. It
is unlikely that finches and warblers involved in our study
foraged across the various study areas.

Corticosterone extraction from feathers

Feathers from G. fuliginosa and S. petechia aureola were
stored in dry paper bags for up to one year before pro-
cessing. Corticosterone was extracted from feathers fol-
lowing the protocol described by Bortolotti et al. [55],
with modifications due to equipment availability and the
smaller size of our feathers. Specifically, we suspended
our samples in 5 ml of methanol (instead of 10 ml) and
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Table 1 Land cover description of the four sampling areas on
San Cristébal Island, Galapagos, surveyed during the study

Surveyed  Sampling Description
habitat points
Urban area  Three sam- The coastal town of Puerto Baquerizo
pling pointsin  Moreno covers an area of 7.5 km? sur-
green urban  rounded by deciduous forests that are
areas of the within the Galapagos National Park. Most
town of Puer-  of the town’s nearly 7000 inhabitants
to Baquerizo  reside in a concentrated urban area of
Moreno, 1.53 km? [54]. Urban green areas are situ-
lowlands of ated adjacent to residential neighbour-
San Cristobal  hoods, often along the town borders,
Island. and feature a combination of native and
non-native xeric scrub vegetation.
Agricultural  Two sampling  The agricultural area is in the humid
area points in highlands of the island. Our sampling
silvopasture sites were in a silvopasture landscape
areas in the [28, 29] covered by cultivated grasses
highlands of  for cattle, predominantly Brachiaria or
San Cristobal  Paspalum, interspersed with Citrus and
Island. Psidium guajava trees. These points were
located a few kilometres away from the
border of the national park.
Deciduous  Three sam- These sampling points were in the arid
forest pling points at  zone of the island, where deciduous
the localities  scrub and forest grow on lava soils [28,
of Playa 29]. The vegetation was dominated by
Carola, La native species, such as Vachellia spp.,
Loberfa and Bursera graveolens, Piscidia carthage-
Playa Ochoa,  nensis, Croton scouleri, and Opuntia spp.
lowlands of  These three points were in touristic
San Cristobal  beach trails, two close to the town of
Island. Puerto Baquerizo Moreno, Playa Carola
and Playa Loberia, and a more distant
and less touristic beach, Playa Ochoa.
Seasonal Two sampling  These sampling points were in the
evergreen  pointsin humid zone of the island, where cloud-
forest forested rem-  forest-type vegetation grows in small

nantsonthe  patches preserved by the national park

highlands of  [28, 29]. The habitat includes native
San Cristobal  species such as Volkameria mollis, Cordia
Island. lutea, Chiococca alba, Psidium galapagei-

um and Tournefortia spp., usually within
a matrix with non-native species.

employed a different method of methanol extraction
after sonication, as explained below.

After removing the calamus with sterilised surgical
scissors, each feather was weighed and cut into pieces
smaller than 5 mm?. Subsequently, 5 mL of methanol
were added, and the mixture was immediately sonicated
for 30 min. Samples were incubated overnight at 50 °C.
For G. fuliginosa feathers, the corticosterone-methanol
solution was separated from the feather solid mate-
rial using a graduated pipette. For S. petechia aureola, a
syringe filter with a 0.45 um pore size hydrophilic PVDF
membrane was used. In both cases, the tubes used for
sonication were rinsed with 2.5 mL of methanol to
recover as many hormones as possible. The samples were
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Fig. 1 Map of San Cristobal Island, Galapagos archipelago, showing the main habitats and sampling points. Black triangles represent sampling points in
Seasonal Evergreen Forest; black circles, sampling points in Agricultural Areas; white circles, sampling points in Urban Areas; and white triangles, sampling

points in Deciduous Forest

incubated at 50 °C until total methanol evaporation. The
extracted residues were reconstituted in a small volume
of PBS, ranging between 1-2.5 mL for G. fuliginosa sam-
ples and 1.5 mL for S. petechia samples. Samples in PBS
were stored at —20 °C until further analysis.

Measurements of corticosterone concentrations

Corticosterone concentrations were measured using an
enzyme-linked immunoadsorption assay (ELISA) with
the Cortisol Labor Diagnostika Nord kit LDN°. The kit
allows corticosterone detection by cross-reactivity, mea-
suring relative amounts of corticosterone content in each

sample and allowing for measurement comparison to
establish tendencies. The protocol followed the manufac-
turer’s instructions. Hormone concentration results were
automatically obtained using Thermo Scientific TM Mul-
tiSkan TM Skanlt Software 5.0 for microplate readings.
The standard curve was adjusted using a four-parameter
logistic regression (4-PL). Results per sample were cor-
rected for feather weight and the PBS suspension volume,
resulting in measurements in ng of cortisol/mg of feather.
Assays were validated following precision criteria, using
the coefficient of variation (CV). Precision was evalu-
ated by setting an intra-assay variability limit of 20% as
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acceptable [56]. All subsequent morphometric and cor-
ticosterone regression model statistical analyses were
performed using R software (version 4.04). For Dunn test
analysis, we used the package ‘dunn.test’ [57].

Morphological data analysis

For G. fuliginosa, morphological and weight measure-
ments across different sampling areas were compared
using the Kruskal-Wallis Rank Sum test due to the non-
normal data distribution. We conducted six tests with
morphological measurements (weight, wing length, tar-
sus length, beak length, beak width, and beak depth) as
dependent variables and the four surveyed areas (Urban,
Agricultural, Deciduous Forest, and Evergreen Forest) as
explanatory variables. If the Kruskal-Wallis test indicated
significance (p<0.05), we conducted a post hoc analysis
using the Dunn test with Bonferroni p-value correction
to assess differences between areas.

For S. petechia aureola, analysis of variance tests
(ANOVA) were employed for morphological and weight
measurements that followed a normal data distribution.
The dependent variables were weight, wing length, tar-
sus length, beak length, beak width, and beak depth, and
the four surveyed areas (Urban, Agricultural, Deciduous
Forest, and Evergreen Forest) served as explanatory vari-
ables. If a test was significant (p <0.05), a Tukey post hoc
test was applied to explore differences between areas. If
the morphological parameter data did not follow a nor-
mal distribution, the analysis described above for G.
fuliginosa data was employed.

Corticosterone regression model

We used corticosterone concentration data to build an
exploratory linear regression model for each species to
examine the relationship between corticosterone con-
centration in tail feathers and anthropogenic impact. In
the model, the continuous outcome variable was corti-
costerone concentration (ng hormone/mg feather), while
the categorical explanatory variables were the surveyed
areas and the year of collection. In addition, to account
for body weight and size, we included weight and wing
length of birds in the model as potential explanatory fac-
tors. To ensure the most effective model, we examined
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the normality and homoscedasticity of the residuals for
each model.

For the regression model of G. fuliginosa, we divided
the deciduous forest area into its three sampling points:
Playa Ochoa, Playa Carola, and Playa Loberia. This
decision was taken to explore potential differences in
birds captured in natural areas near the urban area
compared to those further away. Unlike other sampled
areas, sampling points within the Deciduous Forest
Area are relatively distant from each other and have dif-
ferent proximities to the city (Fig. 1). Deciduous forests
at Carola and Loberia are accessible by land from the
town of Puerto Baquerizo Moreno and received 24,909
and 19,459 tourists, respectively, in 2018 [58]. In con-
trast, Playa Ochoa is not listed as a nearby visitor site
from Puerto Baquerizo Moreno, requiring a boat ride of
approximately 30 min to access. Although visitor reports
for Playa Ochoa are unavailable, we assume visitor flow
is much lower than at Playa Carola and Loberia due to its
restricted access.

Pairwise comparisons of means were performed to
explore specific differences in bird corticosterone con-
centration between areas, using the estimated marginal
means with the emmeans package in R. The compari-
sons were adjusted for multiple testing using the Tukey
method with a significance threshold of p-value <0.05.

For the regression model of S. petechia aureola, we
decided to treat deciduous forests as a single explana-
tory variable due to low capture rates at some sampling
points. Nevertheless, to account for intra sampling point
variability, we used a linear mixed-effect model, with
corticosterone concentration as the dependent variable
and area, weight, and wing length as fixed effect predic-
tors. Sampling points were included as a random effect to
account for potential variability within deciduous forests.
The model was fitted using the Ime4 package in R, with
parameter estimation conducted using REML.

Results

Morphological analysis

We analysed morphometric data based on 133 individu-
als of G. fuliginosa (103 in 2018 and 30 in 2019, Table 2)

Table 2 Morphometric measurements (average and standard deviation) of Small Ground Finch G. fuliginosa captured in four sampling
areas of San Cristobal Island, Galapagos, between May and July 2018 and 2019

Weight (g) Wing length (cm) Tarsus length (cm) Beak length (cm) Beak width (cm) Beak depth (cm)

All birds 15.48 (2.65) 6.08 (0.42) 2.01(0.24) 0.88 (0.09) 0.51(0.09) 0.69 (0.08)
(n=133)

Deciduous Forest (n=73) 15.14 (1.64) 6.01 (0.34) 2.07 (0.21) 0.86 (0.08) 0.51(0.08) 0.68 (0.04)

Urban Area 17.30(4.17) 5.90 (0.58) 1.93(0.37) 0.88 (0.09) 0.53(0.12) 0.70(0.13)
(n=25)

Seasonal Evergreen Forest (n=11) 1541 (2.09) 6.38(0.24) 1.95(0.07) 0.92(0.12) 0.53(0.1) 0.72(0.11)
Agricultural Area (n=24) 14.63 (2.65) 6.33(0.35) 1.94(0.17) 0.89 (0.08) 0.51(0.09) 0.68 (0.08)
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Table 3 Morphometric measurements (average and standard deviations) taken of Galapagos Yellow Warbler Setophaga petechia
aureola captured in four sampling areas of San Cristobal Island, Galapagos, between May and July 2018 and 2019

Weight (g) Wing length (cm) Tarsus length (cm) Beak length (cm) Beak width (cm) Beak depth (cm)
All birds (n=45) 1245 (1.51) 6.24(0.35) 2.07(0.27) 0.95 (0.42) 0.36 (0.03) 0.32(0.02)
Deciduous forest (n=15) 12.30(1.94) 6.22(042) 6(0.15) 1.07(0.72) 0.36 (0.03) 0.32(0.03)
Urban area (n=11) 13.20(1.52) 21(0.30) 2.00(0.27) 0.88 (0.06) 0.34 (0.03) 0.30 (0.02)
Seasonal evergreen forest (n1=9) 11.97 (1.09) 6.25 (0.33) 95 (0.37) 0.88 (0.03) 0.38 (0.04) 0.32 (0.02)
Agricultural area (n=10) 1226 (1.51) 6.27 (0.35) 3(0.27) 0.89(0.42) 0.36 (0.03) 0.31(0.02)

Table 4 Corticosterone concentration regression results for each predictive variable in the corticosterone concentration regression

model for G. fuliginosa

Coefficients Estimate (ngC/  Exp. Standard Tvalue pvalue Confidence Exp.

mgF) estimate error interval (95%) confidence

interval

Intercept 2.70 14.97 0.12 23.16 <0.001 (2.47/2.94) (11.85/18.93)
Playa Loberia (deciduous forest/touristic) 0.39 147 0.09 3.98 <0.001 (0.19/0.58) (1.21/1.79)
Playa Carola (deciduous forest/touristic) 039 1.48 0.1 3.74 <0.001 (0.18/0.60) (1.20/1.82)
Urban Area 043 1.54 0.09 4.88 <0.001 (0.26/0.61) (1.29/1.85)
Agricultural Area -0.1 09 0.09 -1.03 03 (—0.29/0.09) (0.74/1.09)
Evergreen seasonal forest -0.35 0.70 0.10 —-347 <0.001 (=0.55/-0.15) (0.57/0.86)
Weight -0.01 1.00 0.01 —-0.31 0.19 (—=0.03/0.007) (0.96/1.0)
Wing length -0.12 0.88 0.09 -1.33 0.07 (—0.3/0.06) (0.74/1.06)
Year 2019 -1.17 0.31 0.07 -16.82 <0.001 (=1.31/-1.03) (0.27/0.35)

and 45 individuals of S. petechia aureola (18 in 2018 and
27 in 2019; Table 3).

We found significant differences in the weight
of G. fuliginosa across the different sampling areas
(X*=10.119, df=3, p<0.05). Birds captured in the urban
area exhibited higher weight compared to those from
the agricultural area (p<0.05) and the deciduous for-
est (p<0.01). We also found significant differences in
wing length (X*>=26.12, df=3, p<0.001). Wing length of
birds from the seasonal evergreen forest was significantly
greater than those from the urban of area (p <0.001) and
the deciduous forest (p<0.001). Additionally, birds from
the agricultural area showed higher wing length com-
pared to those from the urban area (p <0.001) and decid-
uous forest (p <0.001). Tarsus length exhibited significant
differences (X*=10.93, df=3, p>0.05), with birds from
the deciduous forest showing significantly longer tarsus
compared to birds from the agricultural area (p<0.05).
We did not find significant differences in beak length
(X*=5.47, df=3, p>0.05), beak width (X*=0.89, df=3,
p>0.05) or beak depth (X?=3.14, df=3, p>0.05) between
the areas (Table 2).

For S. petechia aureola we did not find significant dif-
ferences in weight (X*>=5.3, df=3, p>0.05), tarsus length
(X*=4.33, df=3, p>0.05), beak length (X*>=1.18, df=3,
p>0.05), wing length (F=0.063, p>0.05) or beak depth
(F=2.75, p>0.05) between the areas. However, we found
a significant difference in beak width (F=3.37, p<0.05);
birds from the seasonal evergreen forest had significantly
wider beaks (p <0.05) compared to those from the urban
area (Table 3).

Corticosterone analysis of G. fuliginosa

We use feathers from 65 finches captured in 2018 and
2019 for corticosterone analyses. In 2018, we used six
samples of finches from the urban area, 17 from the
deciduous forest (eight in Playa Ochoa, four in Playa
Loberia and five in Playa Carola), 10 from the seasonal
evergreen forest, and 10 from the agricultural area. In
2019, due to a reduction in finch abundance and captures,
samples were taken from eight finches in the urban area
and 14 finches in the deciduous forest (seven in Playa
Ochoa, five in Playa Loberia, two in Playa Carola); how-
ever, no samples were obtained from the agricultural area
and evergreen seasonal forest in that year. The residuals
of G. fuliginosa better met the conditions of normality
and homoscedasticity with a logarithmic transformation
of the continuous variable.

The exploratory linear regression model for corticoste-
rone concentration values (R2=0.85; p<0.001) predicted
for the intercept represents the value for birds captured
in Playa Ochoa (deciduous forest) with a weight of 10 g
and a wing length of 5 cm, resulting in an exponentiated
value between 11.85 ng and 18.92 ng corticosterone/mg
feather. The coefficient explaining most of the variability
was the year 2019, with an estimated prediction between
65% and 73% reduction in corticosterone concentration
compared to the prediction for birds captured in 2018.
Changes in weight and wing length were not significant
predictors of corticosterone concentration variability
(Fig. 4). The detailed results of the regression model for
G. fuliginosa are presented in Table 4.
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Pairwise comparison of G. fuliginosa corticosterone
concentration means between areas

The regression model and the post hoc pairwise com-
parisons of corticosterone concentrations among G.
fuliginosa from different areas revealed several signifi-
cant differences. The low touristic deciduous forest area
Playa Ochoa showed significantly lower corticosterone
levels compared to the touristic deciduous forest areas,
Playa Carola (estimate=-0.39, SE=0.10, p<0.01) and
Playa Loberia (estimate =-0.38, SE=0.097, p <0.005), and
the Urban Area (estimate=-0.43, SE=0.089, p<0.001).
In contrast, the birds in Playa Ochoa had significantly
higher corticosterone levels compared to the evergreen
forest area (estimate =0.35, SE=0.100, p <0.05), while no
significant difference was observed between Playa Ochoa
and the agricultural area (p=0.90).

The birds in Playa Carola had significantly higher cor-
ticosterone concentrations compared to the birds in
the agricultural area (estimate=0.49, SE=0.11, p<0.01)
and the evergreen forest area (estimate=0.74, SE=0.12,
p<0.001). No significant differences were found between
the values of the two deciduous forest touristic areas
Playa Carola and Playa Loberia or the urban area (p=1
and p=0.99, respectively). Nor between Playa Loberia
and the urban area (p =0.9960).

The birds in the agricultural area had significantly
lower predicted corticosterone levels compared to Playa
Loberia (estimate=-0.49, SE=0.11, p<0.001) and the
urban area (estimate = -0.54, SE=0.11, p<0.001), but not
compared to the evergreen forest area (p = 0.1608). Lastly,
the birds in the evergreen forest area exhibited signifi-
cantly lower corticosterone levels compared to the urban
area (estimate=-0.78443, SE=0.1105, p<0.0001) and
Playa Loberia (estimate=0.74, SE=0.11, p<0.001). The
differences in corticosterone concentration in the birds of
each area can be visualised in Fig. 2.

Corticosterone analysis of S. petechia aureola
For S. petechia aureola, we used data from 45 birds cap-
tured in 2018 and 2019. In 2018, we collected six samples
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in the urban area, five in the deciduous forest, three in
the seasonal evergreen forest, and four in the agricultural
area. In 2019, we analysed samples from five birds from
the urban area, 10 birds from the deciduous forest, six
from the seasonal evergreen forest, and six from the agri-
cultural area.

The model’s residuals exhibited more or less homosce-
dasticity and normal distribution that did not improve
with data transformation. The exploratory linear mixed-
effects model for the corticosterone concentration values
predicted for the intercept, birds captured in the decidu-
ous forest in 2018 with a weight of 6 g and a wing length
of 1 cm, a value of hormonal concentration between
16.00 and 42.90ng corticosterone/mg feather. The ran-
dom effects were included to account for the variability
within sampling points in the deciduous forest area. The
variance component for the random effect was 0.177, and
the standard deviation was 0.42.

Regarding the fixed effects, we found no significant dif-
ferences associated with the sampling areas. We found
a significant reduction in corticosterone concentration
associated with wing length; an increase of 1 cm in wing
length predicted a reduction in corticosterone concentra-
tion between —5.81 and —0.61 units relative to the base-
line intercept value. There were no significant variations
related to weight or year of collection (Fig. 3). The regres-
sion model results for S. petechia aureola are provided in
Table 5.

Discussion

We identified hormonal and morphological trends sup-
porting our hypothesis that there are hormonal and
morphological variations in birds from areas with con-
trasting human land uses, particularly evident in the
Small Ground Finch, G. fuliginosa. A comparison of
corticosterone levels from 2018 and 2019 suggests that
seasonal climatic changes may have physiological con-
sequences for G. fuliginosa. Although we recognize that
our sample size does not permit a final conclusion, our
results suggest species-specific outcomes regarding the
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Fig. 2 Boxplots representing the corticosterone concentration (ngCort/mgFeather) values for G. fuliginosa finches caught in 2018 and 2019 in the four
sampling areas. The deciduous forest area results are divided in the ones obtained for the close urban touristic deciduous forest trails Playa Carola and
Playa Loberia (deciduous forest touristic) and the ones obtained for the less touristic deciduous forest trail Playa Ochoa (deciduous forest)
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Year
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T e

Deciduous forest Urban

Fig. 3 Boxplots representing the corticosterone concentration values (ngCort/mgFeather) for the S. petechia aureola caught in 2018 and 2019 in the four

sampling areas

Table 5 Corticosterone concentration regression results for
each predictive variable with the predicted results for the
corticosterone concentration regression model for S. petechia
aureola

Coefficients Estimate Stan- T P Confidence
(ngC/mgF) dard value value interval
Error (95%)
Intercept 29.37 7.31 4015 <0.001 (16.00/42.9)
Urban Area —2.36 145 —163 048 (—4.86/0.15)
Agricultural -1.15 140 -082 066 (—3.53/1.27)
Area
Evergreen sea- —-3.75 144 =260 04 (—6.23/-1.25)
sonal forest
Weight —-0.03 034 —-008 093 (-0.66/0.59)
Wing Length -3.20 142 =226 <005 (-581/-061)
Year 2019 0.69 1.02 068 050 (-1.20/2.53)

impact of land use changes on the morphology and corti-
costerone levels of songbirds, as we did not observe signs
of these factors influencing the Galapagos Yellow War-
bler, S. petechia aureola. These findings are relevant since
glucocorticoids play a crucial role in vertebrate physiol-
ogy, affecting immune capacity, nervous development,
and reproduction [7].

Body Measurements

Wild animals in urban environments often show behav-
ioural adaptations in feeding preferences; still, not all
populations use resources offered by urbanisation simi-
larly [59], and granivorous species are typically better
adapted to urban areas than insectivorous species [60,
61]. In our study, this guild differentiation may explain
why the weight of the granivorous G. fuliginosa in the
urban area was higher than in natural forested and agri-
cultural areas (Table 2). Conversely, no clear differences
were found in the weight of the insectivorous S. petechia
aureola. The diet of G. fuliginosa in natural areas consists
mainly of small seeds and fruits [62]. However, a study
on Santa Cruz Island, Galapagos, suggests that finches
in urban areas prefer human-produced food over native
seeds [33]. This phenomenon could repeat itself in San
Cristobal, with urban finches being more influenced by

human food sources and consequently having a differ-
ent weight from finches in natural areas. The generalist
nature of a species’ diet is correlated with its ability to
exploit resources in urban habitats more effectively [63].
Setophaga petechia aureola has been reported as mainly
insectivorous [64], although there are no published com-
prehensive studies on its diet in the human-populated
islands of the Galapagos. We hypothesised that the spe-
cies is probably less suited for anthropogenic food in
urban areas than finches. As a result, our study did not
reveal a significant variation in weight between popula-
tions living in natural areas and those in urban areas.

Differences attributed to adaptive evolution on micro-
geographical scales have been documented in inhabited
islands of the Galapagos. While our study revealed larger
wings in G. fuliginosa from the highlands of San Cristobal
Island (Table 2), a study in Santa Cruz Island reported
that G. fuliginosa from the highlands exhibited larger
beaks, thicker tarsi, and smaller feet when compared
with those from the lowlands [37]. One suggested expla-
nation for morphological disparities between lowland
and highland finches in the Galapagos is the adaptation
of populations to local resources [37]. Deciduous forest
birds have been documented to spend more time forag-
ing for seeds on the ground. In contrast, highland birds in
the seasonal evergreen forest tend to forage for fruits and
seeds between low vegetation [53]. This differential for-
aging behaviour could affect flying behaviour and poten-
tially influence wing size. Our findings of smaller tarsi
in finches from the deciduous forest compared to those
from the agricultural area (Table 2) may also be related to
ecological differences between these regions. While our
study’s scale does not allow definitive conclusions about
evolutionary adaptations, we believe it would be interest-
ing to explore the environmental pressures that could be
related to this difference in wing size.

Interestingly, we did not find significant differences
in beak size between finches from the deciduous forest
and those from the seasonal evergreen forest (Table 2),
in contrast to findings reported in populations on Santa
Cruz Island [37]. There are several potential explanations
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for these differences. It is possible that the sampling effort
in our study was not sufficient to capture this reported
trend. Also, land-use change may affect niche segre-
gation in finches and, therefore, beak size differences
between populations. Studies have previously highlighted
that feeding opportunities in urban areas of the Galapa-
gos may reduce niche segregation between finch species
[33]. Research conducted on G. fuliginosa in Santa Cruz
Island suggested that individuals in agricultural areas
have intermediate beak sizes compared to birds living in
highland and lowland natural areas [37]. Given that the
natural areas sampled in our study were relatively close
to urban and agricultural areas, it is plausible that we
did not find beak differences between finches due to a
potential decrease in adaptive pressure, possibly repre-
sented by changes in land use. Further investigations with
expanded sampling efforts and a focus on the dynamic
interplay of land use and adaptive pressures could shed
light on the intricate relationships influencing beak size
variations in Galapagos finch populations.

Interestingly, we found that S. petechia aureola from
the seasonal evergreen forest exhibited wider beaks
than those in the urban area. The interpretation of these
results is challenging due to the lack of published studies
on the foraging behaviour of these birds in the Galapa-
gos. Browne et al. [65], reported differences in beak mor-
phology in S. petechia aureola populations from different
archipelago islands. The authors postulated that these
variations could be driven by the presence or absence of
other insectivorous birds, such as Galapagos Flycatcher
Myiarchus magnirostris or Grey Warbler-Finch Certhi-
dea fusca that share similar diets with S. petechia aureola
[65]. Both species were present in our study areas on San
Cristobal Island. Exploring the interactions and dynamics
of these species in the Galapagos Islands could provide
valuable insights into the factors shaping beak morphol-
ogy in insectivorous birds.

Corticosterone analysis

Our results indicate that G. fuliginosa individuals liv-
ing in the urban area of San Cristobal exhibited higher
corticosterone concentration levels than those from
natural and agricultural areas. This observation was fur-
ther supported by the discovery that finches captured
in deciduous forests close to the urban area and with
higher tourism displayed higher hormone concentra-
tion levels than those from the deciduous forest further
away from the urban area and with lower tourism (Fig. 2).
Various stressors associated with urban areas and tour-
ism, such as noise, light pollution, and dietary changes
have been identified to have behavioural and physiologi-
cal effects on bird populations [66—71]. Studies on Santa
Cruz Island have suggested that dietary changes linked to
urbanisation and human presence can impact behaviour,
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gut microbiota, and even epigenetic marks in finches
[33, 35, 36]. Our results may indicate that urban land use
contributes to increased corticosterone for G. fuliginosa
populations. Furthermore, the finding that finches from
the island lowlands, regardless of land use, had higher
hormonal stress levels than those captured in the island
highlands suggests that the influence of urban land use
extends beyond town limits. The effects of dietary change
associated with human presence in the town have also
been reported in finches living in natural vegetation areas
close to urban areas on Santa Cruz Island [33, 36].

In contrast, we did not find clear differences in hor-
mone stress concentration for S. petechia aureola
between the different sampling areas (Fig. 3). The effects
of urbanisation on hormonal stress in birds are not uni-
versal and depend largely on context and species [19, 72,
73]. Our results provide evidence of how urban land use
could have different hormonal effects on species of two
different guilds. Notably, for S. petechia aureola, we iden-
tified a relationship between larger wing sizes and lower
stress concentrations (Table 4). Although a negative rela-
tionship between corticosterone concentration and post-
natal growth has been reported for some bird species [74,
75], specific studies on S. petechia aureola body condi-
tion and hormone concentration during development
should be carried out to draw further insights.

Our results indicate that G. fuliginosa captured in 2018
had higher stress levels than those captured in 2019 (Fig.
2). A possible explanation for this observation could be
the pronounced environmental change between the
two years. Birds are known to exhibit elevated stress
responses to abrupt environmental changes [76]. Records
for February, during the rainy season in San Cris-
tobal Island, show that the precipitation in 2018 (about
240 mm of rainfall) was much higher than the combined
rainfall in the same month of the previous three years,
where less than 50 mm of rainfall was recorded for Feb-
ruary. The 2018 February precipitation was also higher
than 2019, which recorded less than 150 mm of rainfall
[77-82]. A study of corticosterone levels in Galapagos
birds during the 1998 El Nifio rainy season and the 1999
La Nifia dry season showed much higher corticosterone
levels in finches caught in 1998 [83]. Our results seem to
align with the trend that unusually rainy seasons imply
an increase in hormonal stress in finches in the Galapa-
gos archipelago. We did not find the same for S. petechia
aureola, where there seems to be no clear influence of
year on stress concentrations.

Our findings prompt to consider the importance of
the ecology of each species in navigating the dynamics
of land use changes and seasonal environmental shifts.
A deeper understanding of the ecology and behaviour
of Galapagos land bird species, particularly its rela-
tion to morphological and hormonal changes, could
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be fundamental for predicting the impacts of land use,
pathogens and climate change on their conservation. We
hope that the trends highlighted in this study could serve
as a starting framework, paving the way for more exten-
sive research endeavours focused on the health of land
birds in the Galapagos archipelago and its intricate con-
nections to stress and human impacts.

Acknowledgements

We thank Daniel Velarde, Mateo Davila, Izan Chalen, Emilia Pefiaherrera,
Samantha Herdman, Teodoro Topa, Patricia Chanaba, Karen Pacheco, Carla
Torres, Sebastidn Ramos, and Juan Martinez for their support during fieldwork;
the Galdpagos National Park Directorate, including Galo Quezada, Daniel
Lara, Jorge Carrién, Carlos Vera, and all authorities and park rangers of the
Galapagos National Park for their valuable comments during project proposal
reviews and support with logistics and transportation to the sampling sites;
Karen Pacheco, Izan Chalen, and Andrea Montero for their support during
laboratory work; Mateo Davila-Jativa for his valuable contributions during
fieldwork; Andrea Montero for her guidance and leadership during the
performance of laboratory assays, Emilia Pefiaherrera for her help with the
map; Giovanny Sarigu who kindly provided information and allowed us to
carry out field research at Hacienda La Tranquila. Special thanks to Carlos
Mena, Diego Quiroga, Steve Walsh, Soffa Tacle, Leandro Vaca, Cecibel Narvéez,
Anita Carrién, Sylvia and Jessenia Sotamba, Juan Pablo Mufoz, Daniela
Alarcén, Paola Carrion, Cristina Vintimilla, Méximo and Marlene Ochoa, and

all the personnel from the Galapagos Science Center GSC (Universidad San
Francisco de Quito USFQ and University of North Carolina at Chapel-Hill

UNC) and Universidad San Francisco de Quito, Galapagos extension—GAIAS
for their constant support and help. We acknowledge the GSC, the USFQ
Laboratory of Plant Biotechnology, and the Laboratory of Terrestrial Zoology
of Instituto de Biodiversidad Tropical IBIOTROP-USFQ for providing access

to equipment, labs, and other facilities. Our work was possible thanks to
Galapagos POA Grants provided by the Galapagos Science Center and
COCIBA Grants provided by the Colegio de Ciencias Bioldgicas y Ambientales
COCIBA-USFQ. Work by Diego F. Cisneros-Heredia was partially supported

by Programa “Becas de Excelencia’, Secretaria de Educacion Superior, Ciencia,
Tecnologia e Innovacién (SENESCYT), Ecuador.

Author contributions

AM, DFECH. and M.LT. conceptualise the study; D.FCH., AM, and M.LT.
developed the methodology; AM. M.T, and D.C. conducted data curation;
AM., MT.and D.C. validated the results and research outputs; AM., M.T.

and D.C. conducted data collection and formal analyses; D.F.CH. and M.LT.
obtained field and lab resources and financial support and oversight the
planning and execution of the project; AM. and D.F.CH. prepared figures. AM,,
D.FCH. and M.LT. wrote the original draft. AM.,, DECH, MT, D.C, and M.L.T.
reviewed and edited the manuscript.

Funding

Our work was possible thanks to the Galapagos POA Grants (2018, 2019)
provided by the GSC to Diego F. Cisneros-Heredia; the COCIBA Grants (2018,
2019) provided by the Colegio de Ciencias Bioldgicas y Ambientales COCIBA-
USFQ to Diego F. Cisneros-Heredia; and operational funds assigned to the
Laboratorio de Biotecnologia de Plantas and the Instituto de Biodiversidad
Tropical IBIOTROP-USFQ. Work by Diego F. Cisneros-Heredia was partially
supported by Programa “Becas de Excelencia’, Secretaria de Educacion
Superior, Ciencia, Tecnologfa e Innovacién (SENESCYT), Ecuador.

Data availability
Data is provided within the manuscript.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Page 10 of 12

Competing interests
The authors declare no competing interests.

Author details

'Laboratorio de Zoologia Terrestre, Instituto de Biodiversidad Tropical
IBIOTROP, Colegio de Ciencias Bioldgicas y Ambientales, Universidad San
Francisco de Quito USFQ, Quito 170901, Ecuador

?Laboratorio de Biotecnologia Vegetal, Colegio de Ciencias Bioldgicas y
Ambientales, Universidad San Francisco de Quito USFQ, Quito, Ecuador
3Universidad San Francisco de Quito USFQ, Extensién Galdpagos GAIAS,
& Galdpagos Science Center (Universidad San Francisco de Quito USFQ
and University of North Carolina at Chapel Hill UNC), Puerto Baquerizo
Moreno, San Cristébal, Galdpagos, Ecuador

“4Laboratorio de Salud Animal, Instituto de Biodiversidad Tropical
IBIOTROP, Escuela de Medicina Veterinaria, Universidad San Francisco de
Quito USFQ, Quito, Ecuador

Received: 3 April 2024 / Accepted: 2 January 2025
Published online: 10 March 2025

References

1. Laurance WF, Sayer J, Cassman KG. Agricultural expansion and its impacts on
tropical nature. Trends Ecol Evol. 2014,29(2):107-16. https://doi.org/10.1016/j.
tree.2013.12.001.

2. Wigginton NS, Fahrenkamp-Uppenbrink J, Wible B, Malakoff D. Cities are the
future. Science. 2016;352(6288):904-05. https://doi.org/10.1126/science.352.6
288.904.

3. NewboldT, Bentley LF, Hill SLL, Edgar MJ, Horton M, Su G, Sekercioglu CH,
Collen B, Purvis A. Global effects of land use on biodiversity differ among
functional groups. Funct Ecol. 2020;34(3):684-93. https://doi.org/10.1111/136
5-2435.13500.

4. Olivier T, Thébault E, Elias M, Fontaine B, Fontaine C. Urbanization and agricul-
tural intensification destabilize animal communities differently than diversity
loss. Nat Commun. 2020;11(1):2686. https://doi.org/10.1038/541467-020-162
40-6.

5. Scholtz R, Polo J, Fuhlendorf S, Duckworth G. Land cover dynamics influ-
ence distribution of breeding birds in the Great Plains, USA. Biol Conserv.
2017,209:323-31. https://doi.org/10.1016/j.biocon.2017.02.028.

6. Vickery JA, Tallowin JR, Feber RE, Asteraki EJ, Atkinson PW, Fuller RJ, Brown
VK. The management of lowland neutral grasslands in Britain: effects of
agricultural practices on birds and their food resources: impacts of grassland
management on birds. J Appl Ecol. 2001;38(3):647-64. https://doi.org/10.1046
/].1365-2664.2001.00626.X.

7. Sapolsky RM, Romero LM, Munck AU. How do glucocorticoids influence
stress responses? Integrating permissive, suppressive, stimulatory, and
preparative actions*. Endocr Rev. 2000;21(1):55-89. https://doi.org/10.1210/e
drv.21.1.0389.

8. Seress G, Liker A. Habitat urbanization and its effects on birds. Acta Zool Acad
Sci H. 2015,61(4):373-408. https://doi.org/10.17109/AZH.61.4.373.2015.

9. Strubbe D, Salleh Hudin N, Teyssier A, Vantieghem P, Aerts J, Lens L. Pheno-
typic signatures of urbanization are scale-dependent: a multi-trait study on a
classic urban exploiter. Landscape Urban Plann. 2020;197:103767. https://doi.
org/10.1016/j.landurbplan.2020.103767.

10. Liker A, Papp Z, Bokony V, Lendvai AZ. Lean birds in the city: body size and
condition of house sparrows along the urbanization gradient. J Anim Ecol.
2008;77(4):789-95. https://doi.org/10.1111/j.1365-2656.2008.01402.x.

11, Miller CR, Latimer CE, Zuckerberg B. Bill size variation in northern cardinals
associated with anthropogenic drivers across North America. Ecol Evol.
2018;8(10):4841-51. https://doi.org/10.1002/ece3.4038.

12. Saccavino E, Kramer J, Klaus S, Tietze DT. Does urbanization affect wing point-
edness in the Blackbird Turdus merula? J Ornithol. 2018;159(4):1043-51. https
;//doi.org/10.1007/510336-018-1575-7.

13.  Almasi B, Béziers P, Roulin A, Jenni L. Agricultural land use and human pres-
ence around breeding sites increase stress-hormone levels and decrease
body mass in barn owl nestlings. Oecologia. 2015;179(1):89-101. https://doi.
0rg/10.1007/500442-015-3318-2.

14.  Nicolaides NC, Kyratzi E, Lamprokostopoulou A, Chrousos GP, Charmandari
E. Stress, the stress system and the role of glucocorticoids. Neuroimmuno-
modulation. 2015,22(1-2):6-19. https://doi.org/10.1159/000362736.


https://doi.org/10.1016/j.tree.2013.12.001
https://doi.org/10.1016/j.tree.2013.12.001
https://doi.org/10.1126/science.352.6288.904
https://doi.org/10.1126/science.352.6288.904
https://doi.org/10.1111/1365-2435.13500
https://doi.org/10.1111/1365-2435.13500
https://doi.org/10.1038/s41467-020-16240-6
https://doi.org/10.1038/s41467-020-16240-6
https://doi.org/10.1016/j.biocon.2017.02.028
https://doi.org/10.1046/j.1365-2664.2001.00626.x
https://doi.org/10.1046/j.1365-2664.2001.00626.x
https://doi.org/10.1210/edrv.21.1.0389
https://doi.org/10.1210/edrv.21.1.0389
https://doi.org/10.17109/AZH.61.4.373.2015
https://doi.org/10.1016/j.landurbplan.2020.103767
https://doi.org/10.1016/j.landurbplan.2020.103767
https://doi.org/10.1111/j.1365-2656.2008.01402.x
https://doi.org/10.1002/ece3.4038
https://doi.org/10.1007/s10336-018-1575-7
https://doi.org/10.1007/s10336-018-1575-7
https://doi.org/10.1007/s00442-015-3318-2
https://doi.org/10.1007/s00442-015-3318-2
https://doi.org/10.1159/000362736

Mena et al. BMC Zoology

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

(2025) 10:7

Bonier F. Hormones in the city: endocrine ecology of urban birds. Horm
Behav. 2012,61(5):763-72. https://doi.org/10.1016/j.yhbeh.2012.03.016.
Wingfield JC, Farner DS. Avian endocrinology: field investigations and meth-
ods. Condor. 1976;78(4):570. https://doi.org/10.2307/1367117.

Wingfield JC. Ecological processes and the ecology of stress: the impacts of
abiotic environmental factors. Funct Ecol. 2013;27(1):37-44. https://doi.org/1
0.1111/1365-2435.12039.

Fokidis HB, Orchinik M, Deviche P. Corticosterone and corticosteroid binding
globulin in birds: relation to urbanization in a desert city. Gen Comp Endocri-
nol. 2009;160(3):259-70. https://doi.org/10.1016/j.ygcen.2008.12.005.
Guindre-Parker S. The evolutionary endocrinology of circulating glucocorti-
coids in free-living vertebrates: recent advances and future directions across
scales of study. Integr Comp Biol. 2018;58(4):814-25. https://doi.org/10.1093/i
cb/icy048.

IbéAez-Alamo JD, Jimeno B, Gil D, Thomson RL, Aguirre JI, Diez-Ferndndez A,
Faivre B, Tieleman BI, Figuerola J. Physiological stress does not increase with
urbanization in European blackbirds: evidence from hormonal, immunologi-
cal and cellular indicators. Sci Total Environ. 2020;721:137332. https://doi.org/
10.1016/j.scitotenv.2020.137332.

Partecke J, Schwabl |, Gwinner E. Stress and the city: urbanization and

its effects on the stress physiology in European Blackbirds. Ecology.
2006,87(8):1945-52. https://doi.org/10.1890/0012-9658(2006)87[1945:SATCU
AJ2.0.CO;2.

Rebolo-Ifran N, Carrete M, Sanz-Aguilar A, Rodriguez-Martinez S, Cabezas S,
Marchant TA, Bortolotti GR, Tella JL. Links between fear of humans, stress and
survival support a non-random distribution of birds among urban and rural
habitats. Sci Rep. 2015;5(1):13723. https://doi.org/10.1038/srep13723.
Beaugeard E, Brischoux F, Henry P-Y, Parenteau C, Trouvé C, Angelier F. Does
urbanization cause stress in wild birds during development? Insights from
feather corticosterone levels in juvenile house sparrows (Passer domesticus).
Ecol Evol. 2019,9(1):640-52. https://doi.org/10.1002/ece3.4788.

Kier G, Kreft H, Lee TM, Jetz W, Ibisch PL, Nowicki C, Mutke J, Barthlott W.

A global assessment of endemism and species richness across island and
mainland regions. Proc Natl Acad Sci USA. 2009;106(23):9322-27. https://doi.
0rg/10.1073/pnas.0810306106.

Manne LL, Brooks TM, Pimm SL. Relative risk of extinction of passerine birds
on continents and islands. Nature. 1999;399(6733):258-61. https://doi.org/10.
1038/20436.

Boyer AG. Extinction patterns in the avifauna of the Hawaiian islands: hawai-
ian avian extinctions. Divers Distrib. 2008;14(3):509-17. https://doi.org/10.111
1/j.1472-4642.2007.00459.x.

KvanT, Karakiewicz J. Complexity and consequence in coupled natural
urban systems. In: Kvan T, Karakiewicz J, editors. Urban Galapagos. Social and
Ecological Interactions in the Galapagos Islands. Cham: Springer; 2019. https:
//doi.org/10.1007/978-3-319-99534-2_1.

Laso FJ, Benitez FL, Rivas-Torres G, Sampedro C, Arce-Nazario J. Land cover
classification of complex agroecosystems in the non-protected highlands of
the Galapagos islands. Remote Sens. 2019;12(1):65. https://doi.org/10.3390/rs
12010065.

Rivas-Torres GF, Benitez FL, Rueda D, Sevilla C, Mena CF. A methodology

for mapping native and invasive vegetation coverage in archipelagos:

an example from the Galapagos Islands. Prog Phys Geogr Earth Environ.
2018;42(1):83-111. https://doi.org/10.1177/0309133317752278.

Valdivia G, Wolford W, Lu F. Border crossings: new geographies of protec-
tion and production in the Galdpagos Islands. Ann Assoc Am Geogr.
2014;104(3):686-701. http://www.jstor.org/stable/24537764.

Dvorak M, Fessl B, Nemeth E, Anchundia D, Cotin J, Schulze CH, Tapia W,
Wendelin B. Survival and extinction of breeding landbirds on San Cristdbal, a
highly degraded island in the Galdpagos. Bird Conserv Int. 2020;30(3):381-95.
https://doi.org/10.1017/50959270919000285.

Freile JF, Santander T, Jiménez-Uzcategui G, Carrasco L, Cisneros-Heredia

DF, Guevara EA, Sénchez-Nivicela M, Tinoco BA. Lista Roja de Las Aves Del
Ecuador. MAE, Aves y Conservacién, CERO, FCD, Universidad del Azuay, Red
Aves Ecuador, Universidad San Francisco de Quito; 2019.

De Ledn LF, Sharpe DMT, Gotanda KM, Raeymaekers JAM, Chaves JA, Hendry
AP, Podos J. Urbanization erodes niche segregation in Darwin’s finches. Evol
Appl. 2019;12(7):1329-43. https://doi.org/10.1111/eva.12721.

Hendry AP, Grant PR, Rosemary Grant B, Ford HA, Brewer MJ, Podos J. Possible
human impacts on adaptive radiation: beak size bimodality in Darwin's
finches. Proc R Soc B. 2006;273(1596):1887-94. https://doi.org/10.1098/rspb.2
006.3534.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Page 11 of 12

Knutie SA, Chaves JA, Gotanda KM. Human activity can influence the

gut microbiota of Darwin’s finches in the Galapagos Islands. Mol Ecol.
2019;28(9):2441-50. https://doi.org/10.1111/mec.15088.

McNew SM, Beck D, Sadler-Riggleman |, Knutie SA, Koop JAH, Clayton DH,
Skinner MK. Epigenetic variation between urban and rural populations of
Darwin’s finches. BMC Evol Biol. 2017;17(1):183. https://doi.org/10.1186/51286
2-017-1025-9.

Sulloway FJ, Kleindorfer S. Adaptive divergence in Darwin’'s small ground
finch (Geospiza fuliginosa): divergent selection along a cline: adaptive diver-
gence in a ground finch. Biol J Linn Soc Lond. 2013;110(1):45-59. https://doi.
org/10.1111/bij.12108.

Garcia-Carrasco J-M, Tapia W, Mufioz A-R. Roadkill of birds in Galapagos
Islands: a growing need for solutions. ACE. 2020;15(1):art19. https://doi.org/1
0.5751/ACE-01596-150119.

Lynton-Jenkins JG, Russell AF, Chaves J, Bonneaud C. Avian disease surveil-
lance on the island of San Cristobal, Galapagos. Ecol Evol. 2021;11(24):18422-
33. https://doi.org/10.1002/ece3.8431.

Stokstad E. Deadly avian flu hits Galdpagos. Science. 2023;381(6665):1382—
1382. https://doi.org/10.1126/science.adl0642.

Zylberberg M, Lee KA, Klasing KC, Wikelski M. Variation with land use of
immune function and prevalence of avian pox in Galapagos Finches. Conserv
Biol. 2013;27(1):103-12. https://doi.org/10.1111/j.1523-1739.2012.01944 x.
Velarde D, Cisneros-Heredia D. Effect of Land-use Change on the Community
Assemblage of the Landbirds of San Cristobal, Galapagos. Universidad San
Francisco de Quito; 2018. http://repositorio.usfg.edu.ec/handle/23000/7354.
Sekercioglu CH, Primack RB, Wormworth J. The effects of climate change on
tropical birds. Biol Conserv. 2012;148:1-18. https://doi.org/10.1016/j.biocon.2
011.10.019

Snell HM, Stone PA, Snell HL. A summary of geographical characteristics of
the Galapagos Islands. J Biogeography. 1996;23(5):619-24. https://doi.org/10.
1111/j.1365-2699.1996.tb00022.x.

Jackson MH. Galapagos: a Natural History. 2nd ed. University of Calgary Press;
2006.

Wiggins IL, Porter DM, Anderson EF. Flora of the Galdpagos Islands. Stanford,
Calif: Stanford University Press; 1971.

INEC. Proyeccion de la poblacion ecuatoriana, por afos calendario, seguin
regiones, provincia y sexo. Periodo: 2010-2020. 2021.

Gordillo GJ, Work Kendrick A. Isla San Cristébal [Spanish]. 1989. http://aquatic
commons.org/id/eprint/5835

Mahr J, Harpp KS, Kurz MD, Geist D, Bercovici H, Pimentel R, Cleary Z, Cérdova
Aguilar MD. Rejuvenescent volcanism on San Cristébal Island, Galdpagos: a
late "Plumer”. 2016:V53C-3119.

Fair J, Paul E, Jones J, Bies L (Eds). Guidelines to the Use of Wild Birds in
Research. Washington, D.C.: Ornithological Council; 2023.

Ralph CJ, Geupel GR, Pyle P, Martin TE, DeSante DF. Handbook of Field Meth-
ods for Monitoring Landbirds. Albany, CA: USS. Department of Agriculture,
Forest Service, Pacific Southwest Research Station; 1993.

Harvey JA, Chernicky K, Simons SR, Verrett TB, Chaves JA, Knutie SA. Urban
living influences the nesting success of Darwin's finches in the Galdpagos
Islands. Ecol Evol. 2021;11(10):5038-48. https://doi.org/10.1002/ece3.7360.
Kleindorfer S, Chapman TW, Winkler H, Sulloway FJ. Adaptive divergence in
contiguous populations of Darwin's Small Ground Finch (Geospiza fuliginosa).
Evol Ecol Res. 2006,8:357-72.

Lopez Andrade JE, Quiroga Ferri D. The Galapagos urban context. In: Kvan T,
Karakiewicz J, editors. Urban Galapagos. Social and Ecological Interactions in
the Galapagos Islands. Cham: Springer; 2019. https://doi.org/10.1007/978-3-3
19-99534-2_2.

Bortolotti GR, Marchant TA, Blas J, German T. Corticosterone in feathers is

a long-term, integrated measure of avian stress physiology. Funct Ecol.
2008;22(3):494-500. https://doi.org/10.1111/}.1365-2435.2008.01387 x.
Haffelin KE, Kaufmann F, Lindenwald R, Déhring S, Spindler B, Preisinger R,
Rautenschlein S, Kemper N, Andersson R. Corticosterone in feathers: inter-
and intraindividual variation in pullets and the importance of the feather
type. Vet Anim Sci. 2021;11:100155. https://doi.org/10.1016/j.vas.2020.10015
5.

R Core Team. R: a Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing; 2013.

Plaza D, Gamboa S, Caisaguano F, Flores J, Segura F, Gallardo K, GuerreroV,
Sotamba G, Santamaria V, lzurieta JC. Informe Anual de Visitantes a Las Areas
Protegidas de Galdpagos Del Afo 2018. Galdpagos, Ecuador: Direccion del
Parque Nacional Galdpagos & Observatorio de Turismo de Galdpagos; 2018.


https://doi.org/10.1016/j.yhbeh.2012.03.016
https://doi.org/10.2307/1367117
https://doi.org/10.1111/1365-2435.12039
https://doi.org/10.1111/1365-2435.12039
https://doi.org/10.1016/j.ygcen.2008.12.005
https://doi.org/10.1093/icb/icy048
https://doi.org/10.1093/icb/icy048
https://doi.org/10.1016/j.scitotenv.2020.137332
https://doi.org/10.1016/j.scitotenv.2020.137332
https://doi.org/10.1890/0012-9658(2006)87[1945:SATCUA]2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87[1945:SATCUA]2.0.CO;2
https://doi.org/10.1038/srep13723
https://doi.org/10.1002/ece3.4788
https://doi.org/10.1073/pnas.0810306106
https://doi.org/10.1073/pnas.0810306106
https://doi.org/10.1038/20436
https://doi.org/10.1038/20436
https://doi.org/10.1111/j.1472-4642.2007.00459.x
https://doi.org/10.1111/j.1472-4642.2007.00459.x
https://doi.org/10.1007/978-3-319-99534-2_1
https://doi.org/10.1007/978-3-319-99534-2_1
https://doi.org/10.3390/rs12010065
https://doi.org/10.3390/rs12010065
https://doi.org/10.1177/0309133317752278
http://www.jstor.org/stable/24537764
https://doi.org/10.1017/S0959270919000285
https://doi.org/10.1017/S0959270919000285
https://doi.org/10.1111/eva.12721
https://doi.org/10.1098/rspb.2006.3534
https://doi.org/10.1098/rspb.2006.3534
https://doi.org/10.1111/mec.15088
https://doi.org/10.1186/s12862-017-1025-9
https://doi.org/10.1186/s12862-017-1025-9
https://doi.org/10.1111/bij.12108
https://doi.org/10.1111/bij.12108
https://doi.org/10.5751/ACE-01596-150119
https://doi.org/10.5751/ACE-01596-150119
https://doi.org/10.1002/ece3.8431
https://doi.org/10.1126/science.adl0642
https://doi.org/10.1111/j.1523-1739.2012.01944.x
http://repositorio.usfq.edu.ec/handle/23000/7354
https://doi.org/10.1016/j.biocon.2011.10.019
https://doi.org/10.1016/j.biocon.2011.10.019
https://doi.org/10.1111/j.1365-2699.1996.tb00022.x
https://doi.org/10.1111/j.1365-2699.1996.tb00022.x
http://aquaticcommons.org/id/eprint/5835
http://aquaticcommons.org/id/eprint/5835
https://doi.org/10.1002/ece3.7360
https://doi.org/10.1007/978-3-319-99534-2_2
https://doi.org/10.1007/978-3-319-99534-2_2
https://doi.org/10.1111/j.1365-2435.2008.01387.x
https://doi.org/10.1016/j.vas.2020.100155
https://doi.org/10.1016/j.vas.2020.100155

Mena et al. BMC Zoology

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

(2025) 10:7

Lowry H, Lill A, Wong BBM. Behavioural responses of wildlife to urban
environments: behavioural responses to urban environments. Biol Rev.
2013;88(3):537-49. https//doi.org/10.1111/brv.12012.

Cristaldi MA, Giraudo AR, Arzamendia V, Bellini GP. Claus J. Urbanization
impacts on the trophic guild composition of bird communities. J Nat Hist.
2017;51(39-40):2385-404. https://doi.org/10.1080/00222933.2017.1371803.
Hensley CB, Trisos CH, Warren PS, MacFarland J, Blumenshine S, Reece J, Katti
M. Effects of urbanization on native bird species in three Southwestern US
cities. Front Ecol Evol. 2019;7:71. https://doi.org/10.3389/fevo.2019.00071.

De Leon LF, Podos J, Gardezi T, Herrel A, Hendry AP, Darwin's finches and their
diet niches: the sympatric coexistence of imperfect generalists. J Evol Biol.
2014;27(6):1093-104. https://doi.org/10.1111/jeb.12383.

Callaghan CT, Major RE, Wilshire JH, Martin JM, Kingsford RT, Cornwell WK.
Generalists are the most urban-tolerant of birds: a phylogenetically con-
trolled analysis of ecological and life history traits using a novel continuous
measure of bird responses to urbanization. Oikos. 2019;128(6):845-58. https:/
/doi.org/10.1111/0ik.06158.

Yard HK, Van Riper C, Brown BT, Kearsley MJ. Diets of insectivorous birds along
the Colorado River in Grand Canyon, Arizona. Condor. 2004;106(1):106-15. htt
ps://doi.org/10.1093/condor/106.1.106.

Browne RA, Collins El, Anderson DJ. Morphological Variation of Galapagos
Island Populations of the Yellow Warbler Dendroica Petechia Aureola. 2010.
Dominoni DM, Quetting M, Partecke J. Long-term effects of chronic light
pollution on seasonal functions of European Blackbirds (Turdus merula). PLoS
ONE. 2013;8(12):¢85069. https://doi.org/10.1371/journal.pone.0085069.
Halfwerk W, Bot S, Buikx J, van der Velde M, Komdeur J, ten Cate C, Slab-
bekoorn H. Low-frequency songs lose their potency in noisy urban condi-
tions. Proc Natl Acad Sci USA. 2011;108(35):14549-54. https://doi.org/10.1073
/pnas.1109091108.

Heiss RS, Clark AB, McGowan KJ. Growth and nutritional state of Ameri-

can Crow nestlings vary between urban and rural habitats. Ecol Appl.
2009;19(4):829-39. https://doi.org/10.1890/08-0140.1.

Miller MW. Apparent effects of light pollution on singing behavior of Ameri-
can Robins. Condor. 2006;108(1):130-39. https://doi.org/10.1650/0010-5422(
2006)108[0130:AEOLP0O]2.0.CO;2.

Murray MH, Lankau EW, Kidd AD, Welch CN, Ellison T, Adams HC, Lipp EK, Her-
nandez SM. Gut microbiome shifts with urbanization and potentially facili-
tates a zoonotic pathogen in a wading bird. PLoS ONE. 2020;15(3):e0220926.
https://doi.org/10.1371/journal.pone.0220926.

Zollinger SA, Dorado-Correa A, Goymann W, Forstmeier W, Knief U, Bastidas-
Urrutia AM, Brumm H. Traffic noise exposure depresses plasma corticosterone

72.

73.

74.

75.

76.

77.
78.
79.
80.
81.
82.
83.

Page 12 of 12

and delays offspring growth in breeding zebra finches. Conserv Physiol.
2019;7(1):c0z056. https://doi.org/10.1093/conphys/coz056.

Iglesias-Carrasco M, Aich U, Jennions MD, Head ML. Stress in the city: meta-
analysis indicates no overall evidence for stress in urban vertebrates. Proc R
Soc B. 2020;287(1936):20201754. https://doi.org/10.1098/rspb.2020.1754.
Injaian AS, Francis CD, Ouyang JQ, Dominoni DM, Donald JW, Fuxjager MJ,
Goymann W, Hau M, Husak JF, Johnson MA, Kircher BK, Knapp R, Martin LB,
Miller ET, Schoenle LA, Williams TD, Vitousek MN. Baseline and stress-induced
corticosterone levels across birds and reptiles do not reflect urbanization
levels. Conserv Physiol. 2020;8(1):coz110. https://doi.org/10.1093/conphys/co
z110.

Crino OL, Driscoll SC, Breuner CW. Corticosterone exposure during develop-
ment has sustained but not lifelong effects on body size and total and

free corticosterone responses in the zebra finch. Gen Comp Endocrinol.
2014;196:123-29. https://doi.org/10.1016/jygcen.2013.10.006.

Mdller C, Jenni-Eiermann S, Jenni L. Effects of a short period of elevated
circulating corticosterone on postnatal growth in free-living Eurasian kestrels
Falco tinnunculus. J Exp Biol. 2009;212(9):1405-12. https://doi.org/10.1242/jeb
.024455.

Romero LM, Reed JM, Wingfield JC. Effects of weather on corticosterone
responses in wild free-living passerine birds. Gen Comp Endocrinol.
2000;118(1):113-22. https://doi.org/10.1006/gcen.1999.7446.

INAMHI. Boletin Meteorologico Mes: febrero de 2019. 2019.

INAMHI. Boletin Meteorologico Mes: febrero de 2018.2018.

INAMHI. Boletin Meteorologico Mes: febrero de 2017. 2017.

INAMHI. Boletin Meteorologico Mes: febrero de 2016. 2016.

INAMHI. Boletin Meteorologico Mes: febrero de 2015. 2015.

INAMHI. Boletin Meteorologico Mes: febrero de 2014. 2014.

Wingfield JC, Hau M, Boersma PD, Romero LM, Hillgarth N, Ramenofsky M,
Wrege P, Scheibling R, Kelley JP, Walker B, Wikelski M. Effects of El Nifio and La
Nifia Southern Oscillation events on the adrenocortical responses to stress in
birds of the Galapagos Islands. Gen Comp Endocrinol. 2018;259:20-33. https:/
/doi.org/10.1016/j.ygcen.2017.10.015.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1111/brv.12012
https://doi.org/10.1080/00222933.2017.1371803
https://doi.org/10.3389/fevo.2019.00071
https://doi.org/10.1111/jeb.12383
https://doi.org/10.1111/oik.06158
https://doi.org/10.1111/oik.06158
https://doi.org/10.1093/condor/106.1.106
https://doi.org/10.1093/condor/106.1.106
https://doi.org/10.1371/journal.pone.0085069
https://doi.org/10.1073/pnas.1109091108
https://doi.org/10.1073/pnas.1109091108
https://doi.org/10.1890/08-0140.1
https://doi.org/10.1650/0010-5422(2006)108[0130:AEOLPO]2.0.CO;2
https://doi.org/10.1650/0010-5422(2006)108[0130:AEOLPO]2.0.CO;2
https://doi.org/10.1371/journal.pone.0220926
https://doi.org/10.1371/journal.pone.0220926
https://doi.org/10.1093/conphys/coz056
https://doi.org/10.1098/rspb.2020.1754
https://doi.org/10.1093/conphys/coz110
https://doi.org/10.1093/conphys/coz110
https://doi.org/10.1016/j.ygcen.2013.10.006
https://doi.org/10.1242/jeb.024455
https://doi.org/10.1242/jeb.024455
https://doi.org/10.1006/gcen.1999.7446
https://doi.org/10.1016/j.ygcen.2017.10.015
https://doi.org/10.1016/j.ygcen.2017.10.015

	﻿Exploring stress and morphology in two songbird species across urban, agricultural, and natural habitats on San Cristobal Island, Galapagos
	﻿Abstract
	﻿Introduction
	﻿Methodology
	﻿Study area
	﻿Ethics statement
	﻿Study design and data collection
	﻿Corticosterone extraction from feathers
	﻿Measurements of corticosterone concentrations
	﻿Morphological data analysis
	﻿Corticosterone regression model

	﻿Results
	﻿Morphological analysis
	﻿Corticosterone analysis of ﻿G. fuliginosa﻿
	﻿Pairwise comparison of ﻿G. fuliginosa﻿ corticosterone concentration means between areas
	﻿Corticosterone analysis of ﻿S. petechia﻿ aureola

	﻿Discussion
	﻿Body Measurements
	﻿Corticosterone analysis

	﻿References


