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A B S T R A C T

Physiological traits associated with maintenance, growth, and reproduction demand a large amount of energy
and thus directly influence an animal's energy budget, which is also regulated by environmental conditions. In
this study, we evaluated the interplay between ambient temperature and salinity of drinking water on energy
budgets and physiological responses in adult Rufous-collared sparrow (Zonotrichia capensis), an omnivorous
passerine that is ubiquitous in Chile and inhabits a wide range of environments. We acclimated birds to 30 days
at two ambient temperatures (27 °C and 17 °C) and drinking water salinity (200mM NaCl and fresh water)
conditions. We evaluated: 1) the aerobic scope and the activities of mitochondrial metabolic enzymes, 2) os-
moregulatory parameters, 3) the skin-swelling immune response to an antigen, 4) oxidative status, and 5) the
length of telomeres of red blood cells. Our results confirm that Z. capensis tolerates the chronic consumption of
moderate levels of salt, maintaining body mass but increasing their basal metabolic rates consistent with ex-
pected osmoregulatory costs. Additionally, the factorial aerobic scope was higher in birds acclimated to fresh
(tap) water at both 17° and 27 °C. Drinking water salinity and low ambient temperatures negatively impacted
inflammatory response, and we observed an increase in lipid peroxidation and high levels of circulating anti-
oxidants at low temperatures. Finally, telomere length was not affected by osmo- and thermoregulatory stress.
Our results did not support the existence of an interplay between environmental temperature and drinking water
salinity on most physiological and biochemical traits in Z. capensis, but the negative effect of these two factors on
the inflammatory immune response suggests the existence of an energetic trade-off between biological functions
that act in parallel to control immune function.

1. Introduction

How organisms allocate energy among biological functions is fun-
damental for understanding how they interact with their environment,
which ultimately influences species life history traits and the persis-
tence of populations (Karasov and Martínez del Río, 2007).

Physiological processes associated with maintenance, growth, and re-
production require a large amount of energy and are considered the
primary activities that influence an animal's energy budget (McNab,
2002). Energy acquisition is limited by morphological, physiological,
and behavioral constraints and also by the availability of resources
(Weiner, 1992). Thus, it is expected that free-living animals have to
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allocate this limited amount of energy among competing functions,
where the allocation of energy to one component of the budget reduces
its availability for another (see Buckley et al., 2015). In this context,
animals challenged by changes in environmental conditions probably
use their energy budget to maintain homeostasis to the detriment of
alternative biological functions such as reproduction and immune
function (Wieser, 1994; Cornelius et al., 2017).

Passerine birds confront a diverse array of physiological demands
because they occur in nearly all types of terrestrial habitats and occupy
a variety of ecological niches (Swanson and Olmstead, 1999; Swanson,
2010; Petit et al., 2016). Thermal environment has a strong influence
on bird metabolic rate because thermoregulation at low ambient tem-
peratures (Ta) is one of the most energetically costly functions to
maintain (Martinez Del Rio et al., 2018). The dynamic nature of energy
expenditure allows birds to survive in a broad range of contrasting
environments from cold to desert climates (Dawson et al., 1983;
Repasky, 1991; Hinsley et al., 1993; Swanson, 1993; Wiersma et al.,
2007). Moreover, because their diurnal habits and high body tem-
peratures, birds have proportionately high mass-specific rates of eva-
porative and excretory water loss (Williams and Tieleman, 2002; Sabat
et al., 2006).

Birds also have a limited ability to concentrate urine (Goldstein and
Skadhauge, 2000), and for passerines that lack functional salt glands
(Shoemaker, 1972), maintaining osmotic balance is a challenge when
feeding on salty food or living in arid habitats that contain scarce
freshwater (Sabat and Martinez del Rio, 2002). Studies have suggested
that osmoregulation in birds is related to high energy demands because
the machinery required for metabolizing, processing, and excreting
excess salts is usually associated with an increase in baseline energy
requirements (Gutiérrez et al., 2011; Peña-Villalobos et al., 2013; Sabat
et al., 2017).

As mentioned above, an increase in energy costs associated with
maintaining homeostasis likely involves a reallocation of energy to
meet those costs, limiting the animals' capacity to expend energy on
other activities. The extent that energy production can be increased
above baseline energy requirements represents an individual's potential
to use energy to fuel activities such as locomotion, immune response,
growth, and reproduction (Koteja, 2000; Maldonado et al., 2016).
Among these activities, immune responses that enable animals to
combat infectious agents and thus have direct impacts on fitness in-
volve high investments in terms of energy (Mendes et al., 2006;
Costantini and Møller, 2009; Hasselquist and Nilsson, 2012) and nu-
trients (Moller et al., 1990; Fitze et al., 2004; Barnard and Behnke,
2006; Ramirez-Otarola et al., 2018). Furthermore, some studies have
shown that stressful conditions such as thermoregulation and osmor-
egulation, which typically consume high amounts of energy, reduce the
immune response (Sheldon and Verhulst, 1996; Ilmonen et al., 2003).
Nevertheless, knowledge on the complex linkage between the expres-
sion of immune responses and their impact on energy allocation pat-
terns in birds is still limited. In addition to the energetic costs associated
with immune responses, oxidative metabolism is also an energy de-
manding biological process. Oxidative metabolism generates reactive
oxygen species (ROS), which can interact with macromolecules such as
lipids, proteins, and nucleic acids when in excess (oxidative stress),
ultimately disrupting multiple cellular processes (Dowling and
Simmons, 2009; Monaghan et al., 2009; van de Crommenacker et al.,
2010; Selman et al., 2012). For example, an excessive production of
ROS may shorten the length of telomeres – repetitive non-coding se-
quences of DNA located at the ends of chromosomes – which are im-
plicated in cellular aging (Blackburn, 1991; von Zglinicki, 2002;
Kotrschal et al., 2007; Quirici et al., 2016). Consequently, cellular
oxidative stress may affect the physiology of cells with implications for
organism performance and life history (Beckman and Ames, 1998;
Hulbert et al., 2007; Monaghan et al., 2009).

Our study seeks to increase the understanding of how environ-
mental variables modulate the energy budget of a widely-distributed

passerine, the Rufous-collared sparrow (Zonotrichia capensis), and how
such changes in energy utilization impact selected physiological traits.
To characterize an individual bird's energy budget, we estimated the
aerobic scope, or the difference between the basal (BMR) and summit
metabolic rates (Msum), to identify which factors are associated with
maintenance costs versus the upper limits of energy expenditure, re-
spectively. The main objective of our study was to assess the impact of a
30-d acclimation to two contrasting ambient temperatures (17 °C and
27 °C) and exposure to salt on molecular/biochemical (mitochondrial
metabolic enzymes, immune responses, oxidative stress), genetic
(length of telomeres), and physiological responses (aerobic scope). We
predict that birds exposed to high thermoregulatory- and osmor-
egulatory-associated energy demands should exhibit a reduced aerobic
scope, enhanced activity of metabolic enzymes, higher plasma and
urine osmolality, depressed immune response, oxidative damage and
shortened telomeres. To the best of our knowledge, the integrated effect
of temperature and salinity on physiological, genetic and biochemical
features in passerine birds has, as of yet, not been studied. We antci-
pitate that our results will increase our understanding of how this
cosmopolitan bird species and others like it that inhabit a wide variety
of environments.

2. Materials and methods

2.1. Field collection and lab acclimation experiments

Our model species is the omnivorous passerine Z. capensis, which is
ubiquitous in Chile and occurs in a diverse array of habitats from de-
serts to temperate rain forests (Araya and Millie, 2005). Furthermore,
this species is found along a substantial elevation gradient, from coastal
zones to areas> 4000m.a.s.l. (Goodall et al., 1946). Our previous ex-
periments showed that Z. capensis can tolerate the ingestion of solutions
containing high concentrations of salt (200mM NaCl) with no sig-
nificant changes in body weight, however, increased salt intake did
change this species basal metabolic rate (BMR) and oxidative status
(Peña-Villalobos et al., 2013; Sabat et al., 2017).

In this study, we used 31 individuals that were captured using mist
nets in the Quebrada de Macul (33° 29′S, 70° 29′W, 800m.a.s.l, Central
Chile); a locality with a Mediterranean climate. Following capture, we
transported birds to the laboratory for a 21-d acclimatization period.
The birds were maintained in individual cages (50×50×50 cm) and
were fed ad libitum with mealworms (Tenebrio molitor), birdseed, and
water. Seeds and water were offered in inverted 100mL graduated
plastic tubes that allowed birds to eat and drink in a small (~1 cm2)
container at the bottom of the tube. After this acclimatization time,
birds were randomly separated into two experimental groups. One
treatment group (n=17) received tap water (TW-acclimated group)
and the other (n= 14) received saltwater (SW-acclimated group) that
contained 200mM NaCl. We continued to feed both treatment groups
with mealworms and seeds. Each of the experimental groups were di-
vided into two subgroups maintained at 27 ± 2 °C or 17 ± 2 °C with a
12:12 light:dark photoperiod. These two temperatures are comparable
to the mean of daily maximum temperatures experienced by wild birds
in winter and summer, respectively. We were confident that these two
temperatures represent contrasting thermoregulatory demands because
we previously observed a 60% increase in oxygen consumption relative
to BMR at 17 °C in Z. capensis from Central Chile (Sabat et al., 2006).
Thus, our experiment included four total treatments: SW-27 (n=8),
SW-17 (n=9), TW-17 (n=7) and TW-27 (n=7). Birds were kept
under these experimental conditions for 30 days. Fluid intake rates
were determined using the inverted graduated plastic tubes described
above and corrected for evaporation by using control tubes located
outside the experimental cages. After the incubation period, samples of
blood (50–100 μL) were collected in the morning (09:00–11:00 h) from
the humeral vein using hematocrit tubes with anticoagulant (heparine
or EDTA), and samples were centrifuged at 9000g for 5min to separate
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plasma from red blood cells. Plasma and the cellular fraction were
frozen at −80 °C until analysis. Ureteral urine was obtained by in-
serting a small closed-ended cannula into the bird cloaca, which was
centrifuged and the supernatant was collected for osmometry analysis
(Wescor 5130B).

2.2. Immune response

The immune response of Z. capensis was evaluated by using the skin-
swelling test that administers the plant lectin phytohaemagglutinin
(PHA) with specific immunostimulatory properties (Vinkler et al.,
2010). After the acclimation period, birds were injected in the left wing
with 0.1 mL of 1mg/mL PHA (Sigma L-8754, St. Louis, MO, USA) in
phosphate-buffered saline (PBS) solution following the method of Smits
et al. (1999). Prior to PHA injections, we measured the patagium
thickness (to the nearest 0.01mm in triplicate) with a digital micro-
meter. 24 h after injection of PHA, we again measured the patagium
thickness in triplicate. The immune response was calculated as the
difference between the mean values of pre- and post-injection thickness.
We performed a repeatability analysis using the intraclass correlation
coefficient as the ratio between the variance components due to in-
dividuals over total variance. When this coefficient was above 50–60%
and significant, we considered the trait to be consistent and a good
representation of an individual's capacity (Dohm, 2002). The zero hour
measurement was 0.663 (i.e., 66% of the variance is explained by inter-
individual variation; F29,60= 6.89, P < 0.00001), whereas the 24 h
measurement was 0.95 (i.e., 95% of the variance is explained by inter-
individual variation; F29,60= 63.32, P < 0.00001). These calculations
indicate that these traits are highly repeatable and are a good re-
presentation of an animal's performance.

2.3. Metabolic rates

Metabolic rates were estimated via oxygen consumption rate (VȮ 2)
using a FoxBox respirometer (Sable Systems, Las Vegas, NV) as de-
scribed in Sabat et al. (2017). BMR was measured in 4-h fasted animals
using a dark metabolic chamber (2 L) located in a controlled tempera-
ture cabinet (Sable Systems, Henderson, Nevada) and kept at a constant
ambient temperature within the thermal neutral zone for this species
(Ta=30 ± 0.5 °C). During measurement of BMR, we passed both in-
current and excurrent gas streams (flow rates= 500mLmin−1)
through columns of Drierite and Baralyme to remove H2O and CO2.

Output from the oxygen analyzer (%) was digitalized using a
Universal Interface II (Sable Systems) and recorded on a computer using
EXPEDATA data acquisition software (Sable Systems). Our sampling
interval was 5 s. All measurements were made during the resting phase
(18:00 and 07:00 h). Oxygen consumption was calculated according to
Withers (1977) as:
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where FR is the flow rate in mL min−1, and FiO2 and FeO2 are the
fractional concentrations of inflow and outflow [O2] in the metabolic
chamber, respectively. Summit metabolism (Msum), or the maximal
metabolic rate during exposure to cold temperatures (King and
Swanson, 2013) was measured in a HeeO2 (80–20%, INDURA, Chile)
atmosphere according to Rosenmann and Morrison (1974) at
−5 ± 2 °C following a similar protocol used for BMR measurement.
The body temperature (Tb) of birds was checked with an intra cloacal
thermocouple (± 0.1 °C) after each measurement to ensure that they
were hypothermic; only measurements with hypothermic birds (i.e.,
Tb < 35 °C) were considered. Oxygen consumption during each trial
was calculated as instantaneous VȮ 2 from readings taking every 5 s,
and we considered Msum as the highest 5-min average oxygen con-
sumption over the recording period (Swanson and Bozinovic, 2011).

2.4. Metabolic enzymes

Birds were sacrificed by CO2 exposure, weighed, and dissected to
remove the organs. Samples of pectoralis, liver, kidney, and heart tissue
were homogenized on ice (1,10w/v) in phosphate buffer 0.1M sup-
plemented with 2mM EDTA (pH 7.3) using an Ultra Turrax
(20,000 rpm). The sample was then sonicated at 130 watts using an
Ultrasonic Processor VCX 130 on ice 14 times in 20-s cycles and 10-s
interval between cycles. Homogenates were then centrifuged at
15,000 rpm for 15min and 4 °C to obtain a post mitochondrial fraction.
The supernatant was transferred into a new tube, to avoid transferring
the upper lipid layer present in the homogenates. Protein concentration
was determined using the method by Bradford (1976) with bovine
serum albumin as the standard. We measured the activity of two mi-
tochondrial enzymes: citochrome c Oxidase (COX; E.C. 1.9.3.1) and
citrate synthase (CS; E.C. 4.1.3.7). An increase in the activity of these
enzymes likely reflects changes in both the functional properties and
the density of mitochondria (Guderley, 1998). The COX activity was
quantified using a microplate-scale spectrophotometric method slightly
modified from that reported by Moyes et al. (1997). In brief, enzyme
activity was determined in a reaction mixture containing 10mM Tris-
HCl (pH 7), 120mM KCl, 250mM sucrose, and cytochrome c reduced
with dithiothreitol in a final volume of 0.2mL. The decrease in ex-
tinction at 550 nm was monitored in a Thermo Scientific Multiskan GO
UV/VIS spectrophotometer at 25 °C. Enzyme activity was calculated
using an extinction coefficient of 21.84mM−1 cm−1 at 550 nm for cy-
tochrome-c. The CS activity was measured according to Sidell et al.
(1987) with slight modifications. The enzyme assay medium contained
10mM Tris-HCl (pH 8.0), 10mM 5,5´dithiobis- (2-nitrobenzoic acid),
30mM acetyl Coenzyme A (acetyl CoA) and 10mM oxaloacetic acid
(OAA) in a final volume of 0.2mL; these reagents were omitted in
controls. Citrate synthase catalyzes the reaction between acetyl CoA
and OAA to form citric acid. The increase in extinction at 412 nm was
measured in a Thermo Scientific Multiskan GO at 25 °C. Enzyme ac-
tivity was calculated using an extinction coefficient of
13.6 mM−1cm−1at 412 nm. All enzyme activities are reported as spe-
cific activity per gram of protein (μmolmin −1 mg protein−1).

2.5. Biomarkers of oxidative stress

Oxidative status was assessed by measurement of three biomarkers
in both tissue homogenates and plasma: (1) concentration of the free
radical nitric oxide (NO), (2) total antioxidant capacity (TAC) that
measures the presence of molecular antioxidants, and (3) lipid perox-
idation as a measurement of oxidative damage. TAC was measured by a
colorimetric reaction using the assay kit produced by Sigma Aldrich,
(San Diego, CA; # CS0790). The assay is based on the formation of a
ferryl myoglobin radical from metmyoglonin and hydrogen peroxide
which oxidizes the ABTS (2,2′-azino-bis(3-ethylbenzthiazoline-6-sul-
fonic acid)) to form the radical ABTS•+ which, in turn, produces a
chromogen that can be detected spectrophotometrically at 405 nm.
Lipid peroxidation was measured via formation of the malondialdehyde
(MDA)-thiobarbituric acid adduct, which is detected at 532 nm (Cell
Biolabs OxiSelect™ STA-330). Both tissue homogenates and plasma
were spiked with 5% butylated hydroxytoluene (BHT) to prevent
spontaneous oxidation and stored at −80 °C until MDA measurements.
Nitric oxide (NO) concentration was measured according to Patton and
Kryskalla (2011) using a commercially available kit (Biovision, Mil-
pitas, CA; #K262) that measures the amount of azochromophore
formed at 540 nm.

2.6. Telomere length

DNA was isolated from the red blood cells using the salting-out
protocol described in Aljanabi and Martinez (1997). The quality of DNA
was checked with integrity gel and the concentration of samples was
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assessed using a Nanodrop-8000 spectrophotometer; all samples were
within the acceptable purity values (absorbance ratio A260/ 280 > 1.7
and A260/230 > 1.8). Samples were run immediately after DNA ex-
traction. The length of telomeres was measured using the real-time
quantitative PCR technique described in Criscuolo et al. (2009) with
some modifications by Angelier et al. (2013). The efficiency of the PCR
reaction was checked using a standard curve generated by serial dilu-
tion from a DNA pool of birds (5–80 ngmL−1, accepted efficiency
range= 100 ± 15%). Validation of inter-plate measurements was
performed using one sample (4-pooled individuals) as a reference and
run in triplicate for every plate. We calculated the T/S ratio as de-
scribed in Pfaffl (2001):

Eff ^ΔCq /Eff ^ΔCq .Tel Tel GAPDH GAPDH

The mean amplification efficiency (Eff) and cycle quantification
(Cq) values were calculated using the software LinRegPCR (version
12.13), whereas the ΔCq was calculated as the Cq values of the re-
ference sample subtracted by the Cq value of the target sample. Mean
EffTel was 1.89 ± 0.03 and mean EffGAPDH was 2.10 ± 0.09; both
close to the expected efficiency value of 2.

2.7. Statistical analysis

Because, body mass remained unchanged among experimental
treatments, the effect of environmental temperature and drinking water
salinity on physiological (i.e. BMR, Msum, osmolality) and morpholo-
gical traits were assessed with a MANOVA. The energy budget of in-
dividuals was analyzed through two indices of the aerobic scope: net
aerobic scope (NAS: Msum BMR) and factorial aerobic scope (FAS:
Msum/BMR) as both are indices of aerobic capacity.

Metabolic enzymes activity was evaluated using a two-way analysis
of variance (ANOVA) with environmental temperature and drinking
water salinity (TW vs SW) as the independent factors. Similarly, the
effect of the interplay between temperature and salinity of drinking
water on oxidative stress parameters of each tissues was analyzed using
a two-way ANOVA, with the values of each parameters as the response
variable. We then used a post hoc Tukey test to test for specific dif-
ferences among means in physiological, morphological, and biochem-
ical traits. We performed a principal component analysis (PCA) due the
high degree of co-linearity between physiological and biochemical
variables. Next, we performed a two-way ANOVA on the factor scores
generated by PCA with environmental temperature and drinking water
salinity as the independent factors.

All data were examined for assumptions of normality and homo-
geneity of variance using Kolmogorov–Smirnov and Levene tests prior
to each statistical analysis. For variables that were not normally dis-
tributed, we logarithmically transformed data for statistical analysis.
Statistical analyses were performed using the STATISTICA® statistical
package for Windows.

3. Results

3.1. Morphology and osmometry

We found no effect of the drinking water treatment (F (1,26)= 0.36,
p=0.55), environmental temperature (F(1,26) = 1.03, p= 0.32) and
the interaction between both independent variables (F(1,26)= 1.42,
p=0.24) on body mass of individuals. MANOVA analysis of morpho-
logical variables and osmometry revealed significant effects of treat-
ment (Wilks λ=0.013, F(17,5) = 23.16, p=0.001), temperature
(Wilks λ=0.015, F(17,5) = 18.27, p= 0.002), and the interaction be-
tween both variables (Wilks λ=0.034, F(17,5) = 8.2, p= 0.01). The
results of the univariate test showed that birds acclimated to salt water
conditions increased their small intestine size (p < 0.005, Table 1 and
Table S1). Likewise, there was a significant effect of environmental
temperature on the size of pectoralis muscle and food intake

(p < 0.005, Table S1). Specifically, birds acclimated to 27 °C increased
pectoralis muscle mass, but decreased food intake (Table 1). Finally, the
osmolality of the excreta was affected by the interaction between
treatment and temperature (p= 0.03; Table S1); specifically, urine
osmolality was less concentrated in birds acclimated to 27 °C and ex-
posed to tapwater (Table 1).

3.2. Energetics and metabolic enzyme activity

Analysis of energetic variables revealed two patterns. First, BMR
was affected by the treatment of drinking water (p=0.003; Table S2);
SW-acclimated birds had the highest BMR values (Fig. 1A). In addition,
environmental temperature significantly affected Msum (p=0.049;
Table S2); birds acclimated to 17 °C showed an increase in their Msum

compared to birds acclimated to 27 °C (Fig. 1B). The factorial aerobic
scope (FAS) was significantly lower in SW-acclimated birds in com-
parison to those that consumed tap water (Fig. 1A; Table S2). Second,
the net aerobic scope (NAS) was not affected by treatment (p= 0.29),
environmental temperature (p= 0.07), or the interaction between both
variables (p=0.37; Table S2). Finally, water treatment, environmental
temperature, and the interaction between these factors did not affect
cytochrome c oxidase activity in heart (p > 0.05), kidney (p > 0.05),
pectoral muscle (p > 0.05), or liver (p > 0.05; Table 2 and Table S2).
Similarly, the activity of citrate synthase (CS, Table 2) was not affected
by these independent variables in all tissues (p > 0.05; Table S2).

3.3. Oxidative parameters and immune function

MANOVA analysis revealed that neither treatment nor environ-
mental temperature and the interaction between both variables affected
lipid peroxidation of plasma (p > 0.05; Fig. 2) and brain (p > 0.05;
Fig. 2). However, a significant effect of environmental temperature was
found on lipid peroxidation of liver (p=0.049; Table S2). Specifically,
birds acclimated to 27 °C showed decreased lipid peroxidation com-
pared to that measured in birds acclimatized to 17 °C (Fig. 2). Liver or
brain TAC did not change by treatment, environmental temperature or
their interaction (p > 0.05, Fig. 2). However, plasma TAC was sig-
nificantly affected by environmental temperature (p= 0.046; Table
S2); lower TAC values were observed in birds acclimated to 27 °C in
comparison to those acclimated to 17 °C (Fig. 2). Lastly, nitric oxide
concentrations in plasma were not affected by drinking water treatment
or environmental temperature (p > 0.05; Table S2).

Before injection of PHA, the thickness of the wing web was not af-
fected by drinking water treatment (F (1,26) = 1.712, p=0.2), en-
vironmental temperature (F(1,26) = 1.12, p=0.3), or their interaction
(F(1,26) = 0.16, p=0.7). However, we found a significant effect of the
interaction between drinking water treatment and environmental
temperature after the injection of PHA (p=0.032; Table S2), as the
thickness of the wing web was higher in birds acclimated to fresh (tap)
water at 27 °C (Fig. 3).

We also performed a correlation analysis between the oxidative
parameters, energetic variables, metabolic enzymes, and immune re-
sponse. The correlation matrix revealed a positive correlation between
telomere length and Msum (r=0.38; p= 0.04), a negative relationship
between lipid peroxidation of plasma and kidney (r=−0.38;
p=0.04) and liver (r=−0.44; p=0.15) COX activity. Additionally,
plasma TAC positively correlated with kidney (r=0.55; p= 0.002)
and liver (r=0.54; p=0.02) COX activity.

The principal component analysis (PCA) reduced the 21 variables
into two axes, which accounted for the 30.9% of the variance (Table
S3). The first principal component (PC1), explained 16,3% of variance
and was positively correlated with metabolic components Msum, NAS,
and FAS. PC1 can be interpreted as the capacity for energy expenditure.
The second principal component (PC2) explained a smaller amount of
variance (14,6%) and was negatively correlated with biochemical ca-
pacity, plasma TAC, and kidney and liver COX activities. Thus, PC2 can
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be interpreted as an index of oxidative status. The results of the ANOVA
test revealed that the first axis was marginally affected by drinking
water treatment (F (1,27) = 3.97, p= 0.06), but not by environmental
temperature (F (1,27)= 1.16, p=0.29) or the interaction between both
variables (F (1,27) = 0.1, p= 0.75). However, the second axis was af-
fected by drinking water treatment (F (1,27)= 4.89, p=0.04), en-
vironmental temperature (F (1,27= 5.05, p=0.03), and the interaction
between both independent variables (F (1,27)= 4.37, p= 0.05). The
post hoc test revealed that PC2 increased in birds acclimated to fresh
(tap) water at 27 °C (Fig. 4).

4. Discussion

4.1. Aerobic scope and mitochondrial metabolic enzymes

The main objective of our study was to evaluate the integrated effect
of environmental temperature and drinking water salinity on selected
physiological and biochemical traits of Z. capensis. Our results con-
firmed that this passerine tolerated chronic exposure to moderate levels
of saltwater, which was evidenced by the unchanged plasma osmolality
and body mass at the two contrasting environmental temperatures.
Nevertheless, these environmental variables (i.e., temperature and os-
motic stress) did result in biochemical and physiological changes.

The ingestion of saltwater affected BMR, whereas Msum was only
impacted by environmental temperature. Although data from the lit-
erature generally show a positive relationship between BMR and Msum

among species in both field (e.g., seasonal acclimatization) and ex-
perimental conditions, some studies suggest that Msum and BMR might
be functionally independent at the intra-specific level (Dutenhoffer and
Swanson, 1996; Petit et al., 2013; Barceló et al., 2017). In agreement
with these studies, our results confirm the hypothesis that BMR and
Msum reflect adjustments in different physiological systems responding
jointly to different constraints (Barceló et al., 2017).

The enhanced BMR of birds acclimated to saltwater was linked with
higher values of urine osmolality and increased kidney mass relative to
those that consumed fresh (tap) water, which corroborated previous
results obtained for this species (Peña-Villalobos et al., 2014; Sabat
et al., 2017). Therefore, it can be concluded that ingestion of hy-
persaline drinking water in Z. capensis triggers osmoregulatory me-
chanisms that have high energetic costs (Gutiérrez et al., 2012; Peña-
Villalobos et al., 2014; Sabat et al., 2017). Surprisingly, the BMR of
birds in our study was not influenced by Ta, which contrasts with
previous findings by our research group that showed Z. capensis accli-
mated to 15 °C displayed higher BMR values than birds acclimated to
30 °C (Maldonado et al., 2009). However, these differences in the BMR
response could be explained, at least in part, by intraspecific variation
in BMR in acclimatized individuals sourced from different Z. capensis
populations (Cavieres and Sabat, 2008). Birds in our study were cap-
tured from a site at the foot of the Andes (~ 1300m altitude), while
birds studied by Maldonado et al. (2009) were sourced from a lower
altitude (~ 700m) site at Quebrada de la Plata. We also cannot discard
the possibility that the observed differences in how BMR responds to
temperature acclimation could be due to differences in the experi-
mental protocols used here and in Maldonado et al. (2009). In the
current study, we habituated birds to captive conditions for 21 days
before initiating the experiments, whereas in Maldonado et al. (2009)
birds were only habituated to captivity for one day. This could be im-
portant because Barceló et al. (2009) documented that thermal history,
which in this case was the time animals spent in the field before capture
and the beginning of the acclimation period, affects metabolic adjust-
ments to environmental temperature. Besides, Msum was higher in
sparrows acclimated to 17 °C in both saltwater and tap water treat-
ments, which matches with the higher food intake observed in those
experimental groups (Table 1, Fig. 1). Indeed, evidence suggests that
maximum capabilities for energy expenditure in endotherms is pri-
marily influenced by maximum food intake, which in turn likely en-
ables animals to acquire more energy when resources are abundant
(Maldonado et al., 2016).

4.2. Immune response and oxidative stress

Several authors have proposed the existence of functional trade-offs
between thermoregulation and immune response (King and Swanson,
2013; Kokolus et al., 2013). For example, the magnitude of the immune
response significantly decreases in endotherms acclimated to low en-
vironmental temperatures or during colder (winter) seasons (Svensson
et al., 1998; Cichón et al. 2002). As expected, FAS was higher in birds
acclimated to tap water at both 17° and 27 °C in our experiment, which
was expected give the higher maintenance cost found in birds accli-
mated to saltwater. High values of aerobic scope would allow animals
to use more of their available energy to fuel other activities such as
thermoregulation or to trigger immune responses (Maldonado et al.,
2016). Despite the finding that the birds acclimated to tap water in the
17 °C and 27 °C groups had the same FAS, they did not exhibit the same
immune response. The group acclimated to tap water at 27 °C showed
the strongest immune response compared to all other treatment groups.
We thus suggest that birds acclimated to tap water at 17 °C are faced
with higher thermoregulatory costs, thus reducing the amount of en-
ergy available to trigger an immune response (see Hawley et al., 2012).

Fig. 1. Rates of energy expenditure in Zonotrichia capensis acclimated to en-
vironmental temperatures of 17 °C and 27 °C and drinking fresh (tap) water
versus saltwater for 30 days. Box plots show the median, 25th, and 75th per-
centiles (box edges), the range (whiskers), and the mean values (crosses); black
circles are outliers. The asterisk denotes significant differences after a posteriori
Tukey test between tap water and saltwater acclimation (upper panel) and
between environmental temperature (lower panel).
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Our results show that both drinking water salinity and low environ-
mental temperature had a negative effect on the inflammatory response
of rufous-collared sparrows as birds acclimated to the least stressful
conditions displayed the strongest immune response. This result is
consistent with a previous study that showed a decreased in the in-
flammatory response in seawater-acclimated dunlins (Gutiérrez et al.,
2013). The exact mechanism responsible for this pattern is not currently
know, but it may be that the decrease in immune response is modulated
by osmoregulatory hormones (e.g. prolactine, and corticosterone)that
have an immunosuppressive effect (Gutiérrez et al., 2013; Gutiérrez,
2014; Masero et al., 2017).

We found signs of oxidative stress in Z. capensis exposed to low
environmental temperature, probably because of increased energy re-
quirements needed to maintain Tb. The increase in lipid peroxidation
was coupled with high levels of circulating molecular antioxidants (i.e.,
plasma TAC). In fact, concentrations of NO did not vary among

experimental groups, perhaps because there were similar levels of NO
production and/or potential increases in NO were counteracted by the
action of circulating antioxidants. Accordingly, animals acclimated to
17 °C exhibited high levels of plasma TAC (Fig. 2), which is concomitant
with enhanced Msum values. Likewise, plasma TAC concentrations were
positively and significantly associated with liver and kidney COX ac-
tivities. Lastly, our PCA showed that the oxidative status and metabolic
intensity of tissues was impacted by the interaction of environmental
temperature and drinking water salinity. In particular, birds acclimated
to tap water at 27 °C had a remarkably high value for the second axis
component of PCA, which was most closely related to oxidative stress
capacity.

Contrary to our expectations, we did not find a clear relationship
between (1) the levels of oxidative status and BMR (see Sabat et al.,
2017) and (2) the levels of oxidative status, metabolic enzymes, and
telomere length. First, some studies have found support for a functional

Fig. 2. Oxidative stress biomarkers in selected tissues of Zonotrichia capensis acclimated to environmental temperatures of 17 °C and 27 °C and drinking fresh (tap)
water versus saltwater for 30 days. Box plots show the median, 25th, and 75th percentiles (box edges), the range (whiskers), and the mean values (crosses); black
circles are outliers. Asterisks denote significant differences after a posteriori Tukey test between experimental groups for each tissue.
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relationship between mass-specific metabolic rates and oxidative status
(Williams et al., 2010; Sabat et al., 2017), although this pattern has
been the subject of debate (Selman et al., 2012) and is not supported by
some empirical datasets (Brzęk et al., 2014). Interestingly, the primary
assumption behind this proposition is that higher basal rates of meta-
bolism are an unequivocal indicator of total rates of energy ex-
penditure, which in turn leads to higher production of ROS. Some
studies show, however, that daily avian total metabolism may be un-
coupled from basal metabolic rates in certain experimental (and likely
field) conditions. For example, a large (~100%) increase in energy use
was observed in Zebra finches (Taeniopygia guttata) offered a restricted
amount of food and water for 24 h in comparison to control birds, but
BMR of birds in the restricted treatment decreased by ~15%
(Rutkowska et al., 2016). Several factors acting alone or in concert
could drive this pattern. First, the time required for acclimation in BMR
may be longer than the experimental (treatment) period. Second, the
thermal environment experienced by birds in the wild before acclima-
tion affects the acclimation response to experimental environmental
temperature (Barceló et al., 2009). Finally, this unexpected relationship
between BMR and energy use under resource restricted conditions
could result from a different expression of phenotypic flexibility be-
tween avian species and/or populations (Cavieres and Sabat, 2008).

4.3. Impact on genetic responses

Our study showed that energetic demands associated to osmo- and
thermoregulatory stress did not impact telomere length. Low environ-
mental temperatures (17 °C) were associated with higher Msum and an
increase in lipid peroxidation in the liver, an indicator of membrane
damage. The lack of differences in telomere length among experimental
groups could be explained by a high expression of antioxidants (e.g.,
Humans: Furumoto et al., 1998; Birds: Beaulieu et al., 2010; Sudyka
et al., 2014; Badás et al., 2015; Kim and Velando, 2015). Alternatively,
it is possible that the acclimation time used in the present study
(30 days) was not long enough to cause a detectable shortening of tel-
omere length (Sebastiano et al., 2017); note that previous work found
evidence of telomere shortening over both short (e.g., weeks; Meillère
et al., 2015; Salmón et al., 2016) and long time (e.g., months; Kotrschal
et al., 2007; Boonekamp et al., 2014) time periods. In addition, telo-
mere loss occurs at a higher rate early in life at the height of growth and
development (Zeichner et al., 1999; Hall et al., 2004; Price et al., 2013),
so the lack of change we observed among treatments may be related to
the fact that all of the individuals in our experiment were adults. De-
spite the lack of significant differences, to our knowledge our study
represents the first acclimatization experiment that evaluated the re-
lationship between basal metabolic rate and teleomere length. We de-
signed our experiment to examine this relationship because it has been
proposed that increases in metabolic rate results in increased produc-
tion of free radicals (Costantini et al., 2011), which theoretically should
shorten telomeres (von Zglinicki, 2002). We did observe an unpredicted
positive relationship between Msum and telomere length, which could
be due to age-associated variation in both telomere length and meta-
bolic rate. It is well known that telomeres are shortened by cell division
and therefore their length decreases with age (Haussmann and Vleck,
2002). As such, younger individuals with high antioxidant capacity
would have longer telomeres (Monaghan and Haussmann, 2006). The
effect of age on metabolic rate has not been as well studied, but it has
been observed in zebra finches, metabolic rate declined with age (Moe
et al., 2009). If metabolic rate also decreases with age in rufous-collared
sparrows, then the positive association we observed between metabolic
rate and telomere length may be an artifact of the age of individuals in
our study.
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Fig. 3. Increase in wing-web thickness after the inoculation of phytohea-
magglutinin (PHA) in Zonotrichia capensis after acclimatization to tap water
(black circles) and saltwater (grey circles) at 17 °C or 27 °C for 30 days. Symbols
are the mean ± SE; asterisk denotes significant at p < 0.05.

Table 1
Body mass, osmolality of fluids, and organ masses and length (means± SD) of Zonotrichia capensis acclimated to tap (fresh) water and saltwater and two contrasting
environmental temperatures (17 °C and 27 °C) for 30 days. Asterisks denote significant differences between environmental temperature treatments. Ɨ Denotes sig-
nificant differences between tap and salt water acclimation. Different letters denote significant differences between saltwater and tap water conditions and accli-
mation to different environmental temperatures.

Salt Water Tap Water Salinity (pooled) Temperature (pooled)

17 27 17 27 Salt Tap 17 °C 27 °C

Body mass (g) 20.43 ± 1.37 20.51 ± 1.3 20.7 ± 1.01 19.7 ± 1.18 20.47 ± 0.31 20.2 ± 0.31 20.55 ± 0.31 20.11 ± 0.33
Pectoralis (g) 1.63 ± 0.5 2.06 ± 0.28Ɨ 1.67 ± 0.21 2.03 ± 0.15Ɨ 1.82 ± 0.09 1.85 ± 0.09 1.65 ± 0.07 ⁎ 2.04 ± 0.08
Liver mass (g) 0.59 ± 0.24 0.64 ± 0.17 0.59 ± 0.13 0.59 ± 0.13 0.62 ± 0.04 0.59 ± 0.05 0.60 ± 0.04 0.62 ± 0.05
Gizzard (g) 0.83 ± 0.05 0.82 ± 0.14 0.78 ± 0.12 0.76 ± 0.14 0.83 ± 0.03 0.77 ± 0.03 0.81 ± 0.03 0.79 ± 0.03
Heart (g) 0.27 ± 0.03 0.26 ± 0.04 0.28 ± 0.03 0.26 ± 0.02 0.26 ± 0.007 0.27 ± 0.008 0.27 ± 0.008 0.26 ± 0.008
Kidney (g) 0.22 ± 0.03 0.21 ± 0.01 0.2 ± 0.04 0.19 ± 0.01 0.22 ± 0.06 0.20 ± 0.07 0.21 ± 0.006 0.20 ± 0.007
Small Intestine (g) 0.77 ± 0.14 0.68 ± 0.07 0.61 ± 0.09 0.58 ± 0.12 0.73 ± 0.03 Ɨ 0.60 ± 0.03 0.70 ± 0.03 0.63 ± 0.03
Small intestine (cm) 15.7 ± 1.9 14.0 ± 1.0 13.12 ± 1.01 12.7 ± 1.7 14.86 ± 0.4 Ɨ 12.93 ± 0.42 14.50 ± 0.45 13.35 ± 0.48
Large intestine (g) 0.05 ± 0.02 0.06 ± 0.01 0.05 ± 0.01 0.06 ± 0.02 0.05 ± 0.004 0.06 ± 0.004 0.05 ± 0.004 0.06 ± 0.004
Large intestine (cm) 1.5 ± 0.33 1.5 ± 0.22 1.4 ± 0.3 1.6 ± 0.4 1.49 ± 0.08 1.50 ± 0.08 1.46 ± 0.08 1.53 ± 0.08
Urine Osm (mOsm/Kg) 385 ± 76.84a 401.75 ± 71.31a 383 ± 71.76a 299.57 ± 13.71b 393.94 ± 16.87 Ɨ 341.29 ± 18.59 384.5 ± 18.21 354.07 ± 18.81
Plasma Osm (mOsm/

Kg)
320.53 ± 22.85 316.89 ± 15.88 324.57 ± 22.1 321.43 ± 14.89 318.43 ± 4.97 323 ± 4.97 322.57 ± 4.99 318.86 ± 4.99

Food intake (g/day) 3.72 ± 0.45 3.37 ± 0.68 3.77 ± 0.5 3.11 ± 0.27 3.57 ± 0.14 3.44 ± 0.16 3.40 ± 0.12 ⁎ 3.24 ± 0.13
Water intake (mL/day) 5.86 ± 1.87 7.79 ± 2.35 5.6 ± 2.05 5.86 ± 2.32 7.26 ± 0.51 5.73 ± 6.88 6.28 ± 0.56 6.89 ± 0.58
Plasma NO (nmol mg−1

protein)
0.33 ± 0.12 0.28 ± 0.21 0.40 ± 0.24 0.27 ± 0.14 0.30 ± 0.05 0.33 ± 0.06 0.35 ± 0.05 0.27 ± 0.05
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4.4. Conclusions

Our study shows that environmental temperature and osmotic stress
do not have a synergistic or antagonistic effect in Z. capensis, except
when birds are presented with an immune challenge. Our results re-
vealed that the ability to mount a strong immune response depended on
the interaction of environmental temperature and salinity, with re-
sponses being greater in the treatment with the least stressful conditions
in regards to thermo- and osmoregulation. These results suggest the
existence of an energetic trade-off between biological functions that act
in parallel to control immune function. It is increasingly imperative to
understand the mechanistic basis of animal physiological responses to
rapid environmental changes such as increased temperature and con-
ditions that challenge osmoregulation constitute an acute form of en-
vironmental disturbance. Understanding how widespread and abundant
bird species like Z. capensis respond to such disturbances is important
for both fundamental and applied reasons, and will allow us to quantify
how environmental change will influence physiological responses that
in turn may ultimately impact fitness.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cbpa.2019.04.016.
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Fig. 4. Results of principal components analysis (PCA) on morphological and
physiological variables studied in Zonotrichia capensis acclimated to environ-
mental temperatures of 17 °C and 27 °C and drinking fresh (tap) water versus
saltwater for 30 days. The first axis (PC1) axis was positively correlated with
Msum, NAS, and FAS. The second axis (PC2) was negatively correlated with
plasma TAC concentrations, as well as COX activity in liver and kidney (Table
S2).
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