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Abstract
To persist in a landscape, organisms are often faced with evolutionary tradeoffs between individual survival and reproduction. 
In environments where breeding opportunities are brief, it has been hypothesized that individuals will decrease investments 
in self-preservation in favor of reproductive success. Many avian species in the Northern Hemisphere have been shown 
to diminish their physiological response to perturbations of the environment by decreasing the adrenocortical response to 
acute stress during the parental care phase of reproduction. We present results from three populations of Rufous-collared 
Sparrow (Zonotrichia capensis) in the Southern Hemisphere in which we compared the dynamics of changes in plasma 
levels of corticosterone after capture, handling and restraint in pre-breeding and nesting phases. The results suggest that 
the degree of seasonal reduction of the adrenocortical stress response in parental birds is different from that of congeners 
in the Northern Hemisphere. Males of all three populations of Z. capensis in our study attenuated the adrenocortical stress 
response equally between the early breeding and parental sub-phases of nesting despite breeding at very different altitudes 
and latitudes. In contrast, females from all three populations showed no seasonal attenuation of the adrenocortical stress 
response over the seasons examined in this study. These findings suggest that further comparative investigations are needed 
to compare Northern Hemisphere-based endocrine patterns in different, global contexts.
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Zusammenfassung
Saisonale Modulation der adrenokortikalen Reaktion auf Stress in chilenischen Populationen von Zonotrichia capensis
Um in einer Landschaft bestehen zu können, müssen Organismen häufig evolutionäre Kompromisse zwischen ihrem 
eigenen Überleben und ihrer Fortpflanzung eingehen. Es wurde die Hypothese aufgestellt, dass in einer Umwelt, in 
der Brutmöglichkeiten knapp sind, Individuen zu Gunsten ihres Reproduktionserfolges die Investition in ihre eigene 
Selbsterhaltung reduzieren. Es konnte für viele Vogelarten der nördlichen Hemisphäre nachgewiesen werden, dass sie ihre 
physiologische Reaktion auf Umweltstörungen durch eine Herabsenkung der adrenokortikalen Reaktion auf Stress während 
der Zeit der elterlichen Fürsorge vermindern. Wir präsentieren hier Ergebnisse für drei Populationen der Morgenammer 
(Zonotrichia capensis) der südlichen Hemisphäre, für die während der Vorbrut-und Nistzeit die Veränderungsdynamik 
des Corticosteronspiegels im Plasma nach dem jeweiligen Fang und dem Handling des Vogels verglichen wurden. 
Die Ergebnisse lassen vermuten, dass der Grad der saisonalen Reduktion der adrenokortikalen Reaktion auf Stress in 
Elternvögeln unterschiedlich zu dem der Artgenossen der nördlichen Hemisphäre ist. In unserer Studie verminderten 
die Männchen aller drei Populationen von Z. capensis gleichermaßen die adrenokortikale Reaktion zwischen der frühen 
Brutphase und den Teilphasen der elterlichen Fürsorge während der Nistzeit, unabhängig von der Lage der Bruten in 
unterschiedlichen Höhen-und Breitengraden. Im Gegenteil dazu zeigte keines der Weibchen der drei Populationen während 
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des Untersuchungszeitraumes eine saisonale Verringerung der adrenokortikalen Reaktion. Diese Ergebnisse deuten darauf 
hin, dass weitere Studien nötig sind, um die auf der nördlichen Hemisphäre basierenden endokrinen Muster in verschiedenen 
globalen Kontexten zu vergleichen.

Introduction

The survival and reproductive success of an individual 
depend on responses to predictable changes in the environ-
ment (e.g., seasons; dry season and wet season) as well as 
the unpredictable environment [e.g., perturbations such as 
extreme weather, predators, human disturbance (Wingfield 
2003; 2015; Romero and Wingfield 2016)]. One response to 
environmental challenge that is well studied in birds is the 
adrenocortical stress response, which regulates behavioral 
and physiological coping responses to acute perturbations 
(e.g., Sapolsky et al. 2000; Hau et al. 2010; Wingfield 2003; 
2013). In vertebrates in general, the adrenocortical stress 
response involves the perception of a stressor, secretion 
of corticotropin-releasing hormone by the hypothalamus, 
and the subsequent release of adrenocorticotropic hormone 
by the anterior pituitary gland into the circulatory system, 
which in turn stimulates the adrenal gland to increase the 
production and secretion of glucocorticoid hormones—
corticosterone (Cort) in the case of birds (Romero 2002; 
Romero and Wingfield 2016). Through the actions of Cort 
on target cells, particularly in the brain and liver, the adreno-
cortical stress response activates the emergency life history 
stage (e.g., Romero and Wingfield 2016). This in turn pro-
motes and enables escape from potentially life-threatening 
situations but simultaneously suppresses reproductive func-
tion and can have complex actions on immune system func-
tions (Sapolsky et al. 2000; McEwen and Wingfield 2003).

Male Gambel’s White-crowned Sparrows, Zonotrichia 
leucophrys gambelii, that migrate to extreme environments 
to breed, increase their adrenocortical responses to a stand-
ardized stress of capture, holding and restraint following 
arrival on the breeding grounds/the onset of nesting, and 
then attenuate these responses during the period of chick-
rearing (parental sub-phase) (Holberton and Wingfield 
2003). Males of other Northern Hemisphere species such 
as Yellow Warblers, Dendroica petechia (Wilson and Hol-
berton 2004), American Tree Sparrows, Spizella arborea, 
Savannah Sparrows, Passerculus sandwichensis (Holberton 
and Wingfield 2003), Dusky Fly catchers (Empidonax ober-
holseri) (Pereyra and Wingfield 2003), Dark-eyed Juncos, 
Junco hyemalis (Bears et al. 2003), and Smith’s Longspurs, 
Calcarius pictus (Meddle et al. 2003) show similar responses 
suggesting such modulation of the adrenocortical responses 
to stress is widespread at the latitudinal and altitudinal lim-
its of their breeding ranges. Females breeding at high alti-
tudes and latitudes show similar levels of the adrenocortical 

stress response to males during the parental phase, but show 
much lower amplitude modulations early in the breeding 
season (Holberton and Wingfield 2003; Meddle et al. 2003; 
Pereyra and Wingfield 2003; Wilson and Holberton 2004; 
Romero and Wingfield 2016). In four of the studies listed 
above, high-altitude and/or high-latitude populations were 
compared to conspecific populations in more temperate 
sites at mid-latitudes and lower altitudes where they have 
longer breeding seasons (e.g. Bears et al. 2003; Romero and 
Wingfield 2016). These comparative intra-species studies all 
found less attenuation of the adrenocortical stress response 
in the populations with longer breeding seasons in temper-
ate environmental conditions, lending significant support to 
the hypothesis that the adrenocortical stress response adapts 
to environmental severity within the species level (Silverin 
et al. 1997; Bears et al. 2003; Breuner et al. 2003; Wingfield 
and Sapolsky 2003; Wilson and Holberton 2004; Romero 
and Wingfield 2016).

Little is known about the relationships between altitude, 
latitude, and modulation of adrenocortical stress response in 
birds in the Neotropics and Southern Hemisphere [Wingfield 
et al. 2008; see also Schwabl et al. (2016) for many avian 
species in Ecuador]. Are there different responses to similar 
environmental challenges in the Southern Hemisphere? By 
studying different species and populations in the Southern 
Hemisphere we propose to try to answer this question on a 
more global scale.

The Rufous-collared Sparrow, Z. capensis, represents 
an ideal system in which to examine questions of how an 
organism adapts its adrenocortical stress response to differ-
ent environments, particularly in the Southern Hemisphere, 
because the species is endemic to a wide range of latitudes 
and altitudes from southern Mexico to Cape Horn in South 
America (Chapman 1941), and it inhabits many environ-
ments except tropical rainforests. Thus far the work of Wada 
et al. (2006), Busch et al. (2010) and González-Goméz et al. 
(2013) are the only published studies of seasonal changes in 
the adrenocortical stress response of Z. capensis and these 
investigations were conducted in tropical latitudes. In this 
current study we aim to gain a heuristic understanding of the 
roles of season and environment in the adrenocortical stress 
responses in a different hemisphere and across a wider range 
of latitude and altitude than has been examined heretofore.

In this study we sought to test two specific hypotheses: 
that non-tropical Z. capensis decrease their adrenocorti-
cal stress response during the parental stage more strongly 
at the extremes of the nesting range at high latitudes and 
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altitudes, similar to those species studied in the Northern 
Hemisphere; and that sexual dimorphism in the seasonal 
modulation of the adrenocortical stress response is not pre-
sent in Rufous-collared Sparrows, as reported by Wada et al. 
(2006) in Ecuadorian Zonotrichia capensis costaricensis 
(Busch et al. 2010), or in a riparian breeding population, 
Zonotrichia capensis peruviensis, of the Atacama Desert 
of northern Chile (González-Goméz et al. 2013). In addi-
tion, these data will expand our understanding of patterns 
of adrenocortical responses to acute environmental stress 
and their possible ecological bases on a more global scale.

Materials and methods

Study species and field sites

Zonotrichia capensis is the only species of this genus in 
Central and South America. Based on current taxonomic 
information, two of the more than 20 subspecies (Chap-
man 1941), Zonotrichia capensis chilensis and Zonotrichia 
capensis australis, are included in this study. The species 
has both migrant and resident populations, and migrants are 
either altitudinal or latitudinal (Addis et al. 2011; 2013). For 
this study, three populations at separate sites were studied 
(Supplementary Fig. S1). Quebrada de la Plata is a low-ele-
vation shrub (chaparral) site 13 km west of Santiago, Chile 
(33.5°S, 71°W, elevation 519 m). The lowland temperate 
environment population has a protracted breeding season 
and can produce multiple clutches of eggs each year. Popula-
tions of Z. c. chilensis breeding at Quebrada de la Plata are 
also thought to be year-round residents (Addis et al. 2011; 
Poblete et al. 2018).

Farellones is a high alpine site in the Andes Mountains 
30 km east of Santiago (33°S, 70°W, elevation 2500 m). 
The high alpine breeding population has a short breeding 
season, and although the number of clutches is unknown it 
is probably one or two as in other alpine species (e.g., Mar-
tin and Wiebe 2004). The high-latitude population is like-
wise faced with a short nesting period and can be exposed 
to snowfall events throughout the breeding season, similar 
to high-latitude Zonotrichia in North America (Wingfield 
et al. 2004; Romero and Wingfield 2016). A recent study, 
using hydrogen isotope analysis of bird tissues, found that 
Rufous-collared Sparrows at Farellones possibly move short 
distances during winter, likely to refuge habitats (Poblete 
et al. 2018).

The third site, Isla Navarino (referred to henceforth as 
“Navarino”) is a low-elevation, high-latitude site (55°S, 
68°W, elevation 20 m). Z. capensis australis breeding on 
Navarino migrate an estimated 2100  km [based on the 
locations of wintering specimens of Z. capensis australis 
described in Chapman (1941)] and very few are seen on 

the island during winter months, and then always at feed-
ers in the town (S. McGhee, personal communication). A 
mist-netting study carried out on Navarino during 11 years 
(2000–2010), showed that Z. capensis australis appeared to 
be totally absent from April to July (see Rozzi and Jimenez 
2014), showing that the species is migratory at this southern 
latitude.

Individuals breeding at Quebrada de la Plata belong to the 
subspecies Z. capensis chilensis, as do individuals breeding 
at Farellones (Supplementary Fig. S1), whereas individuals 
that breed on Navarino belong to the subspecies Z. capensis 
australis. While the exact length of the reproductive season 
is not known for these populations, it has been documented 
(King 1973; 1974) that Z. capensis nesting seasons through-
out Argentina in lowland temperate (27°S latitude, 550 m 
elevation), Andean (27°S latitude, 2000-m elevation), and 
austral (40–55°S latitude) populations are approximately 
160, 50, and 75 days, respectively.

Data for this study come from three separate field sea-
sons. During 11–23 October 2005, we sampled the pre-
parental stage at Navarino and Farellones and sampled the 
parental sub-stage at Quebrada de la Plata. We sampled the 
early sub-stages of the breeding season (pre-parental) stage 
at Quebrada de la Plata from 7 to 14 September 2007; we 
sampled birds in the parental sub-stage at Farellones and 
Navarino from 30 November to 12 December 2007.

Blood sampling for Cort analysis

Individual Rufous-collared Sparrows were captured in mist 
nets either passively or using pre-recorded bird songs of the 
local dialect to attract birds to mist nets. A blood sample 
was taken from the alar vein and collected into heparinized 
micro-hematocrit tubes, which were sealed at one end with 
molding clay. Blood was stored on ice for between 1 and 8 h 
before centrifugation and separation of blood plasma from 
red blood cells. Once the plasma was separated it was frozen 
and transported to the University of Washington for Cort 
analysis. See Supplementary Materials for details.

Assessment of life history stage

We measured several traits for each captured individual dur-
ing the restraint portion of the stress protocol as described 
in the Supplementary Materials.

Sex determination

Unless they are in the breeding condition, when a brood 
patch (BP) or cloacal protuberance (CP) can be seen, 
Zonotrichia sparrows are not sexually dimorphic. Plumage 
is identical and body size measurements overlap. In this 
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investigation, sex was determined genetically. See Supple-
mentary Materials for details.

Plasma Cort assays

Cort was measured using a well-established radioim-
munoassay (Wingfield et al. (1992) after extraction from 
plasma. Details and assay performance metrics are given in 
the Supplementary Materials.

Integrated Cort calculation

The integrated stress response was measured by calculating 
the area under the curve that is created when circulating Cort 
levels (y-axis) are plotted against time (x-axis). The trap-
ezoid rule was applied to avoid irregularities that would have 
resulted from interpolating a curve-linear fit to the stress 
response. The baseline level of Cort was used as the base for 
the integrated Cort calculation (i.e., it was not included as 
a part of the area under the curve). As such, integrated Cort 
estimates only that amount of Cort secreted in response to 
capture and handling stress.

Statistical analysis

Generalized linear models (GLMs) were developed for 
the natural log-transformed response variables: baseline 
Cort, peak Cort (measured as the Cort level at 30 min post-
capture) and integrated Cort. Natural logarithms of each 
response variable were used to normalize their distributions. 
Starting with a biologically likely null model of sex as the 
only predictor of Cort level, stepwise additions were made 
to each model according to the following rules: an addition 
that reduced the value of the Akaike information criterion 
corrected for small sample size (AICc) of the model was 
retained, while any addition that did not reduce the AICc 
was not retained. After each addition to the model, terms 
that were not retained in previous additions were added 
again, and the same inclusion/exclusion criteria were used 
until no further additions could be made without increasing 
the AICc value. Once this maximal model was achieved, 
factors were removed in a stepwise fashion, following the 
same criteria as the additions, removing higher order interac-
tions first, low order interactions next, and single factors last. 
Once no further removals could be made without increasing 
the AICc value, the model was considered to be optimal 
(Table 1). GLM analysis was selected, in part, because of 
its ability to handle uneven sample sizes without violating 
the assumptions of the model. Sample sizes for each group 
are given in Table 2. All statistical analyses were run using 
JMP software for Macintosh computers (version 8.0.1, SAS 
Institute 2009). The factors sex (male, female), breeding 
location (Quebrada de la Plata, Farellones, Navarino), and 

breeding sub-stage (early breeding, mid-breeding), and the 
three possible first-order interactions and the second-order 
interaction (of all three factors) were added to and removed 
from each of the GLMs in the manner described above.

To test for seasonal modulation of the adrenocortical 
response to stress, we conducted one tailed t-tests of each 
population’s mean baseline, peak, and integrated Cort in 
pre-breeding vs. parental stages of the breeding season, to 
examine whether they are significantly lower during the 
parental sub-stage than in the pre-breeding sub-stage in 
these populations.

If sexual dimorphism with respect to seasonal attenua-
tion of the adrenocortical response to stress is not present in 
these populations, as we predicted, then the sex would not 
be an included factor, alone or by interaction, in the opti-
mized GLM explaining any of the three possible response 
variables.

Results

Reproductive state

While the timing of reproduction is different in each of the 
three populations, it appears that our extensive sampling 
effort across three field seasons did capture each population 
at the early breeding and mid-breeding sub-stages, as deter-
mined by BP development in females (Fig. S3). Some sam-
pling events at Farellones and Quebrada de la Plata (Septem-
ber 2007) preceded any outward reproductive morphology 
development (CPs were just beginning to develop and BPs 

Table 1  Statistical information

Cort Corticosterone, GLM generalized linear model, AICc Akaike 
information criterion corrected for small sample size

Response variable Predictive variables 
included in optimal GLM

ΔAICc 
relative to null 
model

Baseline Cort Sex 0
Peak Cort Sex, breeding stage, sex × 

breeding stage
− 11.69

Integrated Cort Sex, breeding stage − 6.54

Table 2  Sample sizes of male and female Zonotrichia capensis at 
each site and sub-stage of breeding

Sex and breeding sub-stage Quebrada Farellones Navarino

Male early breeding 14 6 7
Female early breeding 5 4 5
Male mid-breeding 10 5 10
Female mid-breeding 2 3 5
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were entirely absent) and these data were removed from the 
pre-parental vs. parental sub-stage analyses. At the time of 
sampling the Navarino population expressed a more recru-
desced reproductive state than the other two populations 
(Fig. S3) with CPs developing and some females with BPs.

Seasonal and geographic patterns 
of the adrenocortical stress response in Chile

Overall, Rufous-collared Sparrows in Chile exhibited an 
adrenocortical response to stress that was similar in profile 
to those of North American congeners, and most vertebrates 
(Fig. 1). Within a population variability was high, particu-
larly during the early breeding season, when a small subset 
of individuals in all three populations exhibited dramatically 
elevated adrenocortical stress responses compared to the rest 
of the population.

Patterns of the adrenocortical stress response

Baseline Cort

The null GLM of sex alone as a predictor of baseline Cort 
was found to have greater explanatory power than any 
GLM with more predictors (i.e., additions of region, sub-
season, and all possible interactions between the three fac-
tors resulted in larger AICc values). Furthermore, the model 
using the intercept (the mean baseline Cort level for all indi-
viduals sampled) had better predictive power than the model 
including sex.

Across all three populations, and within both sexes, 
no significant differences in baseline Cort were detected 
between early and mid-breeding sub-stages of the breeding 
season. The overall mean baseline plasma Cort concentra-
tion was 9.80 ng/ml across all three populations and both 
sub-seasons.

Thirty‑minute Cort levels (peak Cort)

The optimized GLM for predicting Cort levels 30 min post-
capture contained the factors sex, sub-season, and a sex-by-
sub-season interaction. Region and region-by-sub-season 
interaction terms increased AICc values whenever they were 
added to the model.

During the mid-breeding sub-stage, males at all three 
sites did significantly attenuate their 30-min post-capture 
Cort levels relative to the early breeding sub-stage (one-
tailed t-test: Quebrada de la Plata Males, t ratio = − 1.87, 
df = 13.37, p = 0.0416; Farellones, t-ratio = − 4.45, df = 7.16, 
p = 0.0014; Navarino, t-ratio = − 2.05, df = 7.44, p = 0.0386; 
Figs. 1, 2). No significant differences between breeding 
sub-stages were detected for female 30-min Cort. However, 
sample sizes of females were very small (from two to six 
individuals per population per sub-stage; Table 2) due to 
greater difficulty in capturing females.

Integrated Cort levels (sum total of adrenocortical stress 
response)

Two comparable GLMs predicted integrated Cort approxi-
mately equally well. One model included sex and sub-sea-
son, and the other included sex, sub-season, and a sex-by-
sub-season interaction term (ΔAICc = 0.10). Region, as a 
predictive factor, and specifically a region-by-sub-season 
interaction term, did not increase the predictive power of the 
model at any step of the model optimization, again contrary 
to predictions (Fig. 3).

Similar to the results for 30-min Cort levels, the inte-
grated Cort levels in the Farellones and Navarino popula-
tions of males were significantly lower during the parental 
phase than during the early breeding phase, but this was 

Fig. 1  Stress series profiles for three populations of male (squares) 
and female (diamonds) Rufous-collared Sparrows, Zonotrichia cap-
ensis, in pre-parental (left) and parental (right) birds. Quebrada de la 
Plata (top panels) is in the lower altitude and mid-latitude breeding 
range, Farellones (middle panels) is in the high-altitude range at the 
same latitude, and Navarino (lower panels) is near the extreme south-
ern latitude range. The pre-parental data for Quebrada de la Plata are 
presented without two outlying data points (one at the 5-min time 
point, 407 ng/ml; one at the 30-min time point, 522 ng/ml). Both of 
these points were considered an order of magnitude higher than any 
high level measured before in this species. Vertical bars are SEs
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not the case at Quebrada de la Plata (Fig. 3). The overall 
trends were similar in all three populations (Figs. 2, 3; one-
tailed t-test: Quebrada de la Plata males, t-ratio = − 1.83, 
df = 11.38, p = 0.0464; Farellones males, t-ratio = − 3.81, 
df = 6.06, p = 0.0044; Navarino males, t-ratio = − 1.93, 
df = 6.51, p = 0.0489). No seasonal attenuation of integrated 
Cort was seen in females, suggesting that sexual dimorphism 
of the Cort stress response was present in all three popula-
tions (see next section).

When two outlying samples were removed from the early 
breeding season dataset of Quebrada de la Plata males (one 
assayed at the 5-min time point that measured 407 ng/ml 
and another at the 30-min time point that measured 552 ng/

ml), the 30-min Cort levels no longer appeared to be signifi-
cantly attenuated during the parental phase (t-ratio − 1.67, 
df = 14.18, p = 0.0588). Without these two samples, inte-
grated Cort levels were no longer detected as significantly 
lower during the parental phase in Quebrada de la Plata 
males (t-ratio − 1.64, df = 13.36, p = 0.0623). However, 
without these two data points the GLM optimization results 
included the same predictor variables in the optimal models.

Sexual dimorphism in the seasonal modulation of Cort

As mentioned earlier, sex was a powerful predictor of 
the adrenocortical stress response (both peak Cort, and 

Fig. 2  Mean baseline (a) and 
30-min stress (b) levels of 
plasma corticosterone (Cort) in 
female (left) and male (right) 
Rufous-collared Sparrows, Z. 
capensis, from three popula-
tions: Quebrada de la Plata, 
Farellones and Navarino. 
Thirty-minute stress levels are 
significantly different between 
pre-parental and parental stages 
in males of all three populations 
(*p < 0.05, **p < 0.005). Verti-
cal bars are SEs
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integrated Cort). As in Northern Hemisphere studies, we 
found that downward modulation of the stress response 
between early breeding and mid-breeding sub-stages was 
mainly a male pattern, although females also showed this 
response to a lesser degree. While our sample sizes were rel-
atively small for females (Table 2), we found females to have 
significantly lower peak Cort and integrated Cort levels than 
males during the early breeding season at Quebrada de la 
Plata and Navarino, and during the mid-breeding sub-stage 
at Quebrada de la Plata only. Peak Cort was significantly 
higher in females than in males at Farellones during the par-
enting stage, but integrated Cort was not. In short, sexual 
dimorphism in the seasonal modulation of the adrenocortical 
stress response appeared to exist in this species due to more 
elevated responses in males during the early breeding season 
relative to females, while male and female responses during 
mid-breeding were generally similar (Fig. 1).

Discussion

The sampling windows included in this study appear to have 
effectively captured the early breeding (pre-parental) and the 
mid-breeding (parental) sub-stages of the reproductive life 
history stage across which the greatest degree of attenua-
tion of the adrenocortical stress response is seen in extreme 
environments of the Northern Hemisphere (Holberton and 
Wingfield 2003; Meddle et al. 2003; Pereyra and Wingfield 
2003; Wilson and Holberton 2004; Wingfield et al. 2008; 
Walker et al. 2015; Romero and Wingfield 2016). Neverthe-
less, reproductive morphologies in our study sites were not 
identical in all populations in the early breeding sub-stage, 

but it is likely that this sampling bias would tend to show a 
lower degree of attenuation between early and mid-breeding 
sub-stages in the Quebrada de la Plata population by miss-
ing the peak of an adrenocortical stress response during that 
stage.

Our results from Chilean Z. capensis do not support the 
use of latitude and altitude as proxies for extreme environ-
ments in the Southern Hemisphere. However, these findings 
do provide important insights into altitudinal and latitudinal 
effects on the modulation of stress responses in songbirds 
from the Southern Hemisphere, and are independent of 
other potentially confounding features of North American 
and European study systems. Firstly, the low- and high-alti-
tude as well as the high-latitude populations showed simi-
lar early breeding adrenocortical responses to stress unlike 
similar populations sampled in North America (Romero and 
Wingfield 2016). Male White-crowned Sparrows (Zonotri-
chia leucophrys gambelii and Zonotrichia leucophrys ori-
antha) show marked upregulation of the stress response 
at high latitude (Alaska) and altitude (Cascade Mountains 
and the Sierra Nevada) than lowland populations. All then 
down-regulate the amplitude of the stress response once the 
parental phase begins, marking commitment to the onset of 
breeding (Romero and Wingfield 2016). Originally it was 
suggested that these modulations of the stress response have 
ecological bases related to extreme conditions such as short 
breeding seasons of high latitudes and altitudes (Bokony 
et al. 2009). However, these patterns are clearly not borne 
out by the data presented for Z. capensis at similar breeding 
habitats in mid- and southern Chile. Attenuation of the stress 
response in the high-elevation population at Farellones was 
more consistent across all individuals than the attenuation 

Fig. 3  Mean integrated levels of 
plasma Cort in female (left) and 
male (right) Rufous-collared 
Sparrows, Z. capensis, from 
three populations: Quebrada 
de la Plata, Farellones and 
Navarino. Plasma levels of Cort 
in pre-parental and parental 
males are significantly differ-
ent between the Farellones 
and Navarino populations 
(*p < 0.05), but these levels do 
not significantly differ from 
those at Quebrada de la Plata
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seen for the other two populations. Furthermore, lowland 
and mid-elevation breeding populations of Z. capensis in 
tropical regions (Costa Rica and Arica, Chile) and one high-
altitude site in Ecuador, also show no clear modulation of 
stress responses from early breeding (pre-parental) to mid-
breeding (parental) (Busch et al. 2010; Wada et al. 2006; 
González-Goméz et al. 2013).

In many studies, both latitude and altitude have been used 
as proxies for extremity of environment, which is certainly 
true in the Northern Hemisphere. However, high terrestrial 
latitudes in the Southern Hemisphere (excluding Antarctica) 
are dominated by the Southern Ocean maritime climate that 
may ameliorate more severe conditions than those found in 
the north (see Lisovski et al. 2017). For these reasons, the 
conditions in southern Chile may not be sufficiently severe 
to result in modulation of the stress response, at least early 
in the breeding season. It is possible that marine-dominated 
terrestrial sites in the Northern Hemisphere may have a simi-
lar climate to southern South America and comparisons of 
stress responses in birds at these sites could be an important 
future study.

An independent study, on the suboscine Thorn-tailed 
Rayadito, Aphrastura spinicauda, comparing central and 
southern Chilean populations, reported that baseline Cort 
levels were lower in the southernmost population in Nava-
rino (Quirici et al. 2014; see also Quirici et al. 2016). These 
authors also found that the stress response did not vary 
among populations from central Chile to southern Chile, 
showing that low environmental temperatures at high lati-
tude might not represent a stress condition for A. spinicauda 
if food abundance is sufficient to support energetic demands 
(Quirici et al. 2014; 2016).

Sex-specific differences that we found in this study do 
follow the pattern of many Northern Hemisphere stud-
ies, except for Z. capensis studied in Ecuador (Wada et al. 
2006). In both hemispheres males have elevated adrenocor-
tical stress responses early in the breeding season, likely 
in association with territorial aggression and mate attrac-
tion (see also Romero and Wingfield 2016; Walker et al. 
2015). Females do not up-regulate their adrenocortical stress 
response, or do so much less dramatically than males. Also, 
females tend not to show a downregulation of the stress 
response once they become parents (Holberton and Wing-
field 2003; Romero and Wingfield 2016). These data indi-
cate there may be some similarities between Northern and 
Southern Hemisphere populations of females.

The results of Breuner et  al. (2003) and Wada et  al. 
(2006) suggest that measuring the plasma levels of total Cort 
may not tell the whole story (see also Schoech et al. 2013), 
and that through simultaneous measures of Cort and corti-
costeroid-binding globulin (CBG), estimations of free Cort 
(unbound hormone that is thought to have priority in enter-
ing target cells) may be more informative. It is important 

to examine CBG in these populations to further inform our 
understanding of broad geographic patterns of adrenocorti-
cal stress responses.

The study by Wada et al. (2006) of Z. capensis in Ecua-
dor found that seasonal modulation of the adrenocortical 
stress response, at the level of Cort secretion, existed in that 
population between breeding and molt life history stages. 
However, when CBG was examined and free Cort was cal-
culated, the seasonal pattern diminished to insignificance, 
suggesting that an underlying seasonal pattern of Cort was 
itself buffered by CBG. Since that study did not present data 
on the parental phase of the breeding season (females had 
either not yet developed the edematous BP indicative of the 
parental phase or had already begun to molt), it is unclear to 
what degree the adrenocortical stress response is attenuated 
in that population at that sub-stage. Wada et al. (2006) con-
clude that in equatorial latitudes (0°21’ S) the net adrenocor-
tical stress response is not seasonally modulated. While this 
population does breed at high altitude (3300-m elevation) 
the breeding season is relatively long (September–Decem-
ber) and occasionally includes a secondary breeding season 
(Wada et al. 2006). Furthermore unlike studies of Northern 
Hemisphere Zonotrichia, Wada et al (2006) did not find any 
sexual dimorphism in seasonal patterns of the adrenocortical 
stress response.

In a study of Z. capensis costaricensis in Costa Rica, 
where season and life history stages are relatively independ-
ent of each other, Busch et al. (2010) found that Z. capensis 
still modulate the adrenocortical stress response according 
to season, but not reproductive condition. Molt was found 
to have an interactive effect with season on adrenocortical 
stress response, such that molting males attenuated their 
stress response relative to non-molting males only at the end 
of the dry season (April). At other times of the year, molt 
had no effect. These studies suggest that Z. capensis may 
exhibit a different pattern of and/or a different mechanism 
for the control of seasonal and ecological differences in the 
adrenocortical stress response than most North American 
birds. Similarly, in riparian populations of Z. capensis near 
Arica, Chile that breed in an essentially non-seasonal envi-
ronment there was no modulation of the stress response in 
relation to breeding, but there was a time of year (March) 
when the response was downregulated (González-Gómez 
et al. 2013). This study included molting and non-molting 
individuals, and the results indicate that stress response 
modulation was independent of life history stage but may 
be timed for other, as yet unknown, conditions at a specific 
time of year.

It is clear from these results that, at least at the level of 
Cort secretion, populations at the altitudinal and latitudinal 
extremes of Z. capensis’ range generally do not differen-
tially attenuate their stress response between early breeding 
and parenting stages of the reproductive cycle. Unlike the 
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multi-species analysis of Bokony et al. (2009), within Z. 
capensis, it does not appear that populations breeding at 
the extremes of a wide distribution show accentuated Cort 
responses to acute stress despite apparent differences in lati-
tude or altitude.

As suggested by Wingfield et al. (1995), additional fac-
tors such as size, longevity, and degree of parental care are 
likely to have important mitigating influences on the sea-
sonal attenuation of the adrenocortical stress response. We 
know relatively little about the natural history, clutch sizes, 
and numbers of clutches that Z. capensis raise per season at 
each of the study sites. Our findings further underscore the 
importance of studying the natural history of these popula-
tions to determine the actual length of breeding season and 
number of broods raised per season.

Irrespective of whether the lack of population-level dif-
ferences in this study in adrenocortical stress responses 
is due to environment, physiology, or natural history, our 
findings point strongly to a need to examine widely held 
hypotheses based on Northern Hemisphere investigations 
in similar regions, at high latitude and high altitude, of the 
Southern Hemisphere (see also Schwabl et al. 2016). These 
approaches will allow a much more detailed assessment of 
whether adrenocortical responses to stress are evolution-
arily constrained, if the apparent modulation of the stress 
response is phylogenetically based, or whether there is flexi-
bility in how the stress response can be expressed at different 
times of year, life history stages and in different ecological 
contexts (Hau et al. 2010; Hau and Wingfeld 2011).
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