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Abstract

Ecogeographic rules such as Bergmann’s and Allen’s provide a frame-
work to evaluate how morphological traits vary across environmental
gradients. We tested these rules in the Rufous-collared Sparrow (Zono-
trichia capensis), a broadly distributed Neotropical passerine, along an
altitudinal gradient in southwestern Peru. We conducted morphometric
analysis on 192 individuals from 16 localities distributed across two river
basins in the Arequipa region, covering elevations from sea level to 3800
m. Seven morphological traits were measured, including body mass (to
test Bergmann’s rule) and appendages such as bill length, width, and
height, wing length, tarsus length, and tail length (to assess Allen’s
rule). Generalized linear mixed models were used to evaluate the effects
of sex, elevation, and river basin. Our results support Bergmann's rule
but provided only partial support for Allen’s rule—bill length decreased
with elevation, while other appendages showed no clear pattern or
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exhibited trends opposite to classical predictions. Additionally, males
exhibited larger body size and longer bills than females. These findings
suggest that Z. capensis populations exhibit complementarity between
ecogeographical rules, and altitude-associated morphological variation
consistent with thermoregulatory expectations, although non-thermal
ecological and biological factors may also shape phenotypic diversity
across elevations.

Keywords: Bergmann'’s rule, Allen’s rule, phenotypic variation, altitudinal gra-
dient, Andean birds.

Resumen

Las reglas ecogeograficas, como las de Bergmann y Allen, proporcionan
un marco para evaluar como varian los rasgos morfolégicos a lo largo
de gradientes ambientales. Probamos estas reglas en el gorrién de collar
rufo (Zonotrichia capensis), un paseriforme neotropical ampliamente
distribuido, a lo largo de un gradiente altitudinal en el suroeste de Peru.
Realizamos un analisis morfométrico de 192 individuos de 16 localidades
distribuidas a lo largo de dos cuencas en la regién de Arequipa, que
abarcaban altitudes desde el nivel del mar hasta los 3800 m. Se midie-
ron siete rasgos morfolégicos, incluyendo la masa corporal (para probar
la regla de Bergmann) y apéndices como la longitud, anchura y altura
del pico, longitud del ala, longitud del tarso y longitud de la cola (para
evaluar la regla de Allen). Se utilizaron modelos lineales mixtos genera-
lizados para evaluar los efectos de sexo, altitud y cuenca hidrografica.
Nuestros resultados respaldaron la regla de Bergmann mas solo un
apoyo parcial a la regla de Allen: la longitud del pico disminuyé con la
altitud, mientras que los otros apéndices no mostraron un patrén claro
o exhibieron tendencias opuestas a las predicciones clasicas. Ademas, los
machos presentaban un tamafo corporal mayor y picos mas largos que
las hembras. Estos hallazgos sugieren que las poblaciones de Z. capensis
muestran una complementariedad entre las reglas, ademas de una va-
riacion morfolégica asociada a la altitud coherente con las expectativas
termorreguladoras, aunque también pueden influir factores ecolégicos y
bioldgicos no térmicos en la diversidad fenotipica a diferentes altitudes.

Palabras clave: Regla de Bergmann, Regla de Allen, variacion fenotipica, gra-
diente altitudinal, aves andinas.
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INTRODUCTION

Geographic variation within a species may reflect genetic differentiation
among populations, as well as phenotypic responses to local environments
(Mayr, 1963; Zink and Remsen, 1986). In this context, phenotypic vari-
ation arises from underlying genetic factors, which are shaped by either
adaptive or neutral processes (Cadena et al., 2011; Lee et al., 2016), as a
consequence of environmental influences and spatial isolation (Amézquita
et al., 2009, Goldenberg et al., 2022; Paulo et al., 2003). Among phenotypic
traits, morphological characteristics have been widely studied given their
ecological and evolutionary importance (Bolivar-Leguizamén & Silveira,
2015; Moreno, 2017; Servino et al., 2024).

Morphological traits influence a variety of ecological and life-history
processes (Blackburn and Gaston, 2001; Moreno, 2017). Understanding
morphological variation can inform assessments of individual body con-
dition (Moreno, 2017) and reveal the outcomes of geographic isolation or
local adaptation (Lee et al., 2021; Busi et al., 2020). Consistent patterns of
body size variation along environmental gradients have been described
through a set of ecogeographic rules (Lee et al., 2021; Goldenberg et al.,
2022), which provide a framework for interpreting shape and size variation
across climates and regions (Delhey, 2019). Among these, Bergmann’s and
Allen’s rules are the most well-studied. According to Bergmann’s rule, in-
dividuals tend to be larger in colder environments and smaller in warmer
ones (Bergmann, 1847; Busi et al., 2020). In contrast, Allen’s rule states
that endotherms have shorter appendages (e.g. limbs, tails and bills) in cold
climates, and longer appendages in warm ones (Allen, 1877).

Essentially, they posit a correlation between body size and append-
age dimensions and ambient temperature (often via latitude or elevation),
grounded in the principles of energy conservation and thermoregulation
(Meiri, 2011; Freeman, 2016). Under Bergmann’s rule, larger bodies have a
lower surface-area-to-volume ratio and thus lose heat more slowly, retaining
warmth more effectively (Cardilini et al., 2016; Romano et al., 2019). Under
Allen’s rule, shorter appendages reduce relative surface area and minimize
heat loss, whereas longer appendages increase surface area and facilitate the
dissipation of excess heat (Miller et al., 2018; Busi et al., 2020).

Ecogeographical rules have been tested across a wide range of taxa
and at multiple levels (intraspecific, interspecific and community) along
both latitude and elevation gradients (Ashton, 2002; Maestri et al., 2016;
Dangol et al., 2022; Andrade-Gonzalez et al., 2023). However, results have
been mixed. A recent large-scale study revealed that numerous terrestrial
vertebrates adhere to Bergmann’s rule (Guo et al., 2024), suggesting that
larger body size in colder regions may evolve through local adaptation.
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In contrast, evidence for Allen’s rule is inconsistent; variation in ap-
pendage size may be driven by selective pressures such as diet, locomotion
or flight requirements, which can override thermal considerations (Fried-
man et al., 2019; Xu et al., 2023). These discrepancies may arise, at least in
part, from the traditional approach of evaluating Bergmann’s and Allen’s
rules independently. Recently, Baldwin et al. (2023) proposed an integrative
framework in which both rules operate in a complementary manner. In
birds, they showed that subtle and coordinated changes in body size and
appendage dimensions can maintain a relatively stable surface-area-to-vol-
ume ratio, which represents the true adaptive target of morphological re-
sponses to thermal gradients.

The Andean region, with its steep elevation gradients and myriad eco-
systems, harbor an extraordinary diversity of birds (Herzog et al., 2011).
These sharp environmental gradients provide a natural laboratory in which
to study adaptive variation (Fjeldsi et al., 2012; Poblete et al., 2023). How-
ever, surprisingly few studies have examined how avian morphology varies
with elevation in this region (Seeholzer and Brumfield, 2017; Busi et al.,
2020). This 1s a notable gap given that morphological analyses along en-
vironmental gradients can provide valuable insights into ecological and
evolutionary processes (Ibarguchi, 2011; Diaz et al., 2023).

Relatively few oscine passerine lineages have adapted successfully to
the hypoxic, cold conditions of the high Andes (Martin et al., 2023). Among
these lineages is the Passerellidae family. The Rufous-collared Sparrow
(Zonotrichia capensis), a passerellid, is a widespread species that exhibits
significant morphological, physiological, behavioural, migratory and vocal
variation across its range (Bulau et al., 2018; Poblete et al., 2023). This spe-
cies’ distribution extends from Mexico to southern Argentina (Chapman,
1940), spanning almost the entire South American continent (Cheviron et
al., 2008; Danner et al., 2017). In Peru, it occurs from sea level up to about
4600 m, occupying diverse habitats ranging from coastal deserts to the high
Andean puna and Amazon region (Schulenberg et al., 2010; Lougheed et
al., 2013; Ugarte & Lavalle, 2018).

Despite its wide distribution in Peru, studies evaluating morphological
variation in the Rufous-collared Sparrow remain scarce, and even fewer
have tested ecogeographical rules in this species. For instance, Castro et
al. (1985) found no difference in oxygen consumption between sparrow
populations at sea level and at an elevation of around 4,500 m, suggesting
some degree of physiological consistency across elevations. Similarly, an
assessment of museum specimens in southern Peru reported no significant
morphological differences between the sexes (Llerena, 2018), and Davis and
Burt. (2019) evaluated Bergmann’s and Allen’s rule in Z. capensis in central
Peru, documenting a pattern consistent with Bergmann’s rule but finding
no clear evidence supporting Allen’s rule.
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However, extrapolating these results to the southern Andes is limited
by pronounced environmental differences among regions. The Arequipa
region (see Study Area) is characterized by rugged topography and steep
elevational gradients; moreover, the interaction between the Andean Cor-
dillera and the coastal influence of the Pacific Ocean generates strong cli-
matic contrasts (Marengo et al., 2008; Zeballos, 2020). Regional climatic
studies have further documented an inverse relationship between elevation
and temperature (Moraes et al., 2021), resulting in high thermal heteroge-
neity across relatively short spatial scales. Recent approaches, particularly
in birds, suggest that Bergmann’s and Allen’s rules operate in a comple-
mentary rather than independent manner, maintaining a relatively stable
surface-area-to-volume ratio under varying thermal conditions (Baldwin
et al., 2023).

In this context, evaluating both rules in Z. capensis populations from
the Arequipa region not only expands our understanding of ecogeograph-
ical patterns in this species, but also provides an opportunity to test the
complementary framework for interpreting morphological variation along
elevational gradients.

MATERIALS AND METHODS
Study Area

The study was conducted in the Arequipa region of southwestern Peru, on
the Pacific slope of the Andes. The region is located between 14°36’06” and
17°16°54” § latitude, and between 70°50°24” and 75°05°52” W longitude,
with elevations ranging from 0 to 6,425 m a.s.l. (Marengo et al., 2008;
Zeballos, 2020). Due to the presence of the Western Andes Cordillera, the
region exhibits a rugged coastal and highland topography, extending from
a narrow coastal desert through lomas, pampas, and valleys to an Andean
altiplano characterized by very steep and abrupt slopes (Marengo et al.,
2008). In addition, the Andes have generated a wide variety of climatic
conditions along the altitudinal gradient, ranging from arid and temperate
climates along the coast, through semi-arid inter-Andean valleys, to cold
and humid climates at higher elevations (Jiménez et al., 2006; Bedoya-Cu-
no et al., 2024; Castro et al., 2021). The region also includes nine hydro-
graphic basins that drain into the Pacific Ocean (Zeballos, 2020). For this
study, sampling transects were established along two of the main basins:
the Camana—Majes—Colca (CMC) basin and the Quilca—Vitor—Chili (QVC)
basin, which encompass a broad altitudinal gradient and include different
ecosystems with distinct plant and animal communities (Zeballos, 2020).
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Table 1. Sampling localities evaluated in the region of Arequipa. The asterisk indicates localities
that were captured in the field. CMC = Camana-Majes-Colca basin, QVC= Quilca-Vitor-Chili Basin.

Tabla 1. Localidades de muestreo evaluadas en la regién de Arequipa. El asterisco indica las lo-
calidades que fueron capturadas en campo. CMC = Cuenca Camana-Majes-Colca, QVC = Cuenca
Quilca-Vitor-Chili.

Elevation (m a.s.l')
cMC 6

Pucchun* -72.77426 -16.60337

Camana -72.64728 -16.51686 100
Aplao* -72.48607 -16.07022 618
Coporaque* -71.64651 -15.63184 3561
Chivay -71.60841 -15.64161 3650
Canocota -71.56562 -15.56161 3683

Qvc Quilca* -72.4209 -16.71746 8

Vitor* -71.92272 -16.46516 1166
Arequipa -71.52275 -16.40014 2386
Sogay -71.44046 -16.57026 2570
Quequena -71.44964 -16.55454 2578
Yura viejo -71.70753 -16.21765 2618
Chiguata® -71.40166 -16.40417 2900
Polobaya chico -71.36878 -16.56432 3048
Mosopuquio -71.35369 -16.4517 3297
San Juan Tarucani -71.3204 -16.37777 3800

Elevation
6500

Brasil

AREQUIPA

Figure 1. Map showing the evaluated sampling localities in the Arequipa region, Peru
(green circles).

Figura 1. Mapa que muestra las localidades de muestreo evaluadas en la region de
Arequipa, Peru (circulos verdes).
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Taking into account environmental diversity and accessibility, we se-
lected six local field sites (three per basin, Table 1) for live sampling. These
sites cover an elevational range from ~6 m (coastal desert) to ~3,800 m
above sea level (upper Andean zone). To extend our coverage of the alti-
tudinal gradient (up to ~3,800 m) and increase the size of our sample, we
also included data from ten additional localities (Table 1), obtained from
specimens housed at the Museo de Historia Natural de la Universidad
Nacional de San Agustin (MUSA) in Arequipa (see Figure 1). All of the
selected localities are within the Arequipa region.

Morphometric Data

Following Cardilini et al. (2016) and Busi et al. (2020), we measured seven
morphological traits. Body mass, an index of overall body size pertinent
to Bergmann’s rule, was measured to the nearest 0.1 g using a digital scale
(Loépez et al., 2015). To assess Allen’s rule, we measured six appendage
traits: wing length (unflatened wing chord from the carpal joint to the tip
of the longest primary feather), tail length (length of the rectrices), tarsus
length (from the ankle joint to the distal end of the tarsometatarsus), bill
length (exposed culmen from the base of the bill to the tip), bill width at
the nares and bill depth (height) at the nares. All measurements were tak-
en by the same person with a digital caliper with a precision of 0.1 mm
or a metal ruler with a precision of 0.5 mm was used for linear dimen-
sions and a digital scale was used for mass. The exact same measurement
protocol was applied to both live birds and museum specimens to enable
comparison.

Morphometric data were obtained from field-collected individuals and
preserved museum specimens of Z. capensis. Rufous-collared sparrows were
captured using mist nets at six field sites between March and June 2023, a
period coinciding with the species’ breeding season (Diaz et al., 2023). At
each site, five mist nets (12 m long X 3 m high, with 36 mm mesh; Ralph
et al., 1996) were operated during the morning (07:00-10:00 h) and in the
afternoon (14:00-17:00 h). All captured birds were handled, measured and
released on site after processing. Since morphometric traits can vary with
age, only adult individuals were selected. As this species lacks external
sexual dimorphism, the sex of live birds was determined by the presence
of reproductive characteristics: females were identified by a brood patch,
while males were identified by the presence of a cloacal protuberance in
reproductively active individuals (Pyle, 1997; Cardona-Salazar et al., 2021;
Zamorano, 2023). Individuals without clear sex-specific traits (brood patch
and cloacal protuberance) were recorded as ‘sex undetermined’ to avoid
misclassification. For museum specimens, we recorded sex, original body
mass and locality information from specimen labels.
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We then measured six linear morphometric traits on each specimen,
using the same protocol as for live birds (we did not measure body mass
for preserved skins, relying instead on the field mass recorded on labels).
All necessary permits for bird capture and handling were obtained from
the Peruvian wildlife authority (Administrative Resolution N° D000315-
2022-MIDAGRI-SERFOR-ATFFS-AREQUIPA and N° D000016-2023-
MIDAGRI-SERFOR-ATFFS-AREQUIPA).

Statistical Analyses

Prior to modelling, we assessed multicollinearity among the seven morpho-
metric variables by calculating all pairwise Pearson correlation coefficient
for each pair of variables. As no trait pairs were strongly correlated (all |r|
< 0.6), all variables were retained for subsequent analyses (Dangol et al.,
2022). The morphometric measurements were analyzed in absolute terms
in order to directly evaluate phenotypic variation associated with the eleva-
tional gradient. We then fitted generalized linear mixed models (GLMM:s)
with Gaussian errors to evaluate the effects of elevation, sex, and river
basin on each morphometric trait. Separate GLMMs were fitted for each
response variable (i.e. each morphometric measurement analyzed in turn).
Fixed effects included elevation (continuous and scaled), sex (male/female),
and river basin (CMC vs. QVC), while locality was specified as a random
intercept to account for non-independence at the site level. To facilitate
interpretation, elevation was recorded in meters but slopes are reported
per 1,000 m (1 km). In exploratory fits, interaction terms (sex X elevation,
basin X elevation) were evaluated and were retained only if they improved
the model fit. In the final models neither interaction term was supported,
so both were omitted for parsimony. Model assumptions were checked
by visually inspecting of residuals (Q—Q plots and residuals versus fitted
plots) and by verifying homoscedasticity; no substantial deviations were
detected. To infer fixed effects, P-values were obtained via likelihood-ratio
tests comparing full and reduced models (type II), and uncertainty was
summarized with 95% confidence intervals around estimated coefficients.
GLMMs were fitted using the Ime4 package (Bates et al., 2015) in R version
4.3.1 (R Core Team, 2024).

RESULTS

We analyzed a total of 192 Rufous-collared Sparrows, from 16 localities in
the Arequipa region, spanning elevations from 6 to 3,800 m above sea level
(103 males, 89 females). Of these, 150 individuals (80 males, 70 females)
were captured in the field, while the remaining 42 (23 males, 19 females)
were museum specimens for which complete data on location, sex, and
body mass were available.
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No significant trends were found between any of the morphometric
traits and the two study basins (CMC and QVC; all P > 0.05), and indi-
vidual variability exceeded variation among localities. In accordance with
Bergmann’s rule, body mass increased significantly with elevation (slope
= 0.535 g per km, 95% CI = 0.097 to 0.983, P= 0.032). On average, males
were 0.984 g heavier than females (95% CI = 0.512 to 1.453 g, P < 0.001;
see Fig. 2A).

Regarding the appendages, bill length decreased significantly with
elevation (slope = —0.116 mm per km, 95% CI = -0.206 to —-0.027, P =
0.022). Males had significantly longer bill than females (difference = 0.233
mm, 95% CI = 0.069 to 0.399, P = 0.006; Fig. 2B). Conversely, wing length
increased with elevation (slope = 1.314 mm per km, 95% CI = 0.619 to
2.155, P= 0.007; Fig. 2C), but not with the sex (P = 0.3).
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Figure 2. Linear regressions of morphometric measurements of Zonotrichia capensis.
Orange diamond and line= male, green circle and line = female. A. Body mass vs eleva-
tion. B. Bill length vs elevation. C. Wing length vs elevation.

Figura 2. Regresiones lineales de las medidas morfométricas de Zonotrichia capensis.
Diamante y linea naranja= macho, circulo y linea verde = hembra. A. Masa corporal vs
elevacién. B. Longitud de pico vs elevacién. C. Longitud ala vs elevacién.

No significant elevational trends were found for bill height, bill width,
tarsus and tail length (all P > 0.05). Thus, aside from bill length, none
of the measured appendages decreased with altitude; in fact, wing length
increased (see Fig. 2C). Consequently, body mass (a proxy for overall body
size) increased with elevation as predicted by Bergmann’s rule, whereas bill
length was the only trait to decrease with elevation, as predicted by Allen’s
rule, when analyzed independently. Other appendage traits exhibited op-
posite or no trends with altitude and the sex.

DISCUSSION

Our results support Bergmann’s rule, showing an increase in body mass at
higher elevations (i.e. in colder conditions). This finding is consistent with
patterns observed in many avian taxa globally (Olson et al., 2009; Sun et
al., 2017; Guo et al., 2024), and across Neotropical birds (Blackburn and
Ruggiero, 2001; Bulgarella et al., 2007; Gutiérrez-Pinto et al., 2014). This
corroboration of Bergmann’s rule is consistent with the expectation of a
thermoregulatory advantage in cold environments, whereby larger indi-
viduals have a lower surface-to-volume ratio, thereby reducing heat loss
and energy expenditure (Bergmann, 1847; Bulgarella et al., 2007; Martin
et al., 2023).
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Nevertheless, Bergmann’s rule should not be generalized as a universal
pattern, as variation in body size may differ among taxa, traits, measure-
ment approaches, and ecological, physiological and evolutionary pressures
(Watt et al., 2010; Meiri, 2011). For instance, while our findings (which
use body mass as a proxy for body size) differ from those of Busi et al.
(2020), who did not observe a clear increase in body size with altitude,
they concur with those of Davis and Burt (2019), who used tarsus length
as an indicator of body size. Alternative strategies may include increasing
plumage insulation or fat reserves, adjust physiological traits (e.g. reduced
conductance) and make other structural and behavioral adaptations to cope
with colder climates (Gutiérrez-Pinto et al., 2014; Boyle et al., 2016; Fan
et al., 2019; Martin et al., 2023).

Furthermore, factors beyond temperature, such as humidity, seaso-
nality, geographic context and resource availability, likely influence the
variation in body size observed (Meiri et al., 2007; Diaz et al., 2023).

Contrary to our initial expectations based on Allen’s rule, only bill
length decreased with increasing elevation among the appendages mea-
sured. Allen’s rule posits that bill size is subject to thermoregulatory selec-
tion; indeed, bird bills are highly vascularized organs capable of significant
heat exchange through the rhamphotheca (Tattersall et al., 2009; Greenberg
et al., 2012). Our finding of smaller bills in colder, high-altitude environ-
ments is consistent with this theory, as has been reported in various bird
species (Cardilini et al., 2016; Dangol et al., 2022; Romano et al., 2019).
However, exceptions have been documented; in some cases, bill length in-
creases with altitude (Ballentine et al., 2013), and Busi et al. (2020) found no
altitudinal differences in the bills of Z. capensis. Since the avian bill serves
multiple functions beyond heat dissipation, its morphology is influenced
by a variety of selective pressures. These include factors such as habitat
and feeding ecology (Ballentine et al., 2013; Cardilini et al., 2016), nest
building, preening and vocalization (Podos, 2001; Lee et al., 2021). These
diverse pressures mean that, even within a single species, populations may
exhibit different bill shapes independently of simple thermal gradients
(Romano et al., 2019).

By contrast, wing length did not conform to Allen’s rule in our study:
this trait increased with elevation instead of decreasing. Some studies use
wing length as a proxy for overall body size in the context of Bergmann’s
rule (Meiri and Dayan, 2003; Gutiérrez-Pinto et al., 2014). Here, however,
we considered it as appendage within Allen’s framework. The increase in
wing length at higher elevations is consistent with findings in other bird
species (see Sun et al., 2017; Dangol et al., 2022). and is likely to reflect
aerodynamic advantages in thin, high-altitude air. At higher elevations,
where air pressure is lower and winds are stronger, longer wings can en-
hance flight efficiency, maneuverability and stability (Bears et al., 2008;
Busi et al., 2020) and may facilitate better dispersal in montane environ-
ments (Ocampo-Penuela, 2024).

11
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Factors such as foraging mode, locomotion and flight requirements,
diet or habitat structure (VanderWerf, 2012; Gutiérrez-Pinto et al., 2014;
Xu et al., 2023), as well as species-specific evolutionary histories (Symonds
and Tattersall, 2010; Xu et al., 2023) can influence wing morphology.

However, recent studies suggest that evaluating Allen’s rule inde-
pendently may underestimate its adaptive relevance. Baldwin et al. (2023)
demonstrated that, in birds, Bergmann’s and Allen’s rules often operate in a
complementary manner, such that subtle and coordinated changes in body
size and appendage dimensions allow adjustment of the surface-to-volume
ratio without requiring pronounced variation in a single trait. Under this
integrative framework, the detection of weak or inconsistent patterns in
individual appendages—such as wings—does not necessarily represent a
true deviation from Allen’s rule; rather, increased wing length may con-
tribute indirectly to the organism’s overall thermodynamic balance, even
when this trait is primarily shaped by functional pressures related to flight.

We also observed clear sexual dimorphism, with males being heavier
and having longer bills than females. This contradicts earlier reports. For
example, Castro et al. (1985) found no significant sex-based differences in
oxygen consumption or body metrics when examining Z. capensis from
sea level to 4500 m. Similarly, Llerena (2018) reported no morphometric
dimorphism between male and female specimens in southern Peru. This
result may be due to our use of a larger sample size than previous studies
and our focus on the breeding season (particularly for field specimens), so
the larger size in males could reflect the influence of sexual selection (Lee et
al., 2021). In many bird species, larger males have a competitive advantage
in territorial disputes, courtship and defense of resources (Searcy, 1979),
and it is likely that the ecology of our sparrow follows this pattern (Bears
et al., 2008; Busi et al., 2020). Furthermore, there is a link between bill size
and song production: males with larger bills may produce more effective
songs or calls to attract mates (Chapman, 1940; Danner et al., 2017), which
provides a potential reproductive benefit that could drive the evolution of
larger bills in males.

In summary, our findings show that, along the altitudinal gradient
in Arequipa, Z. capensis conforms partially to Allen’s rule, but fully to
Bergmann’s rule. These sparrow populations appear to be adapted to their
specific local environmental conditions (Busi et al., 2020). Furthermore,
aside from thermoregulatory constraints, it is likely that other ecological
and biological factors play a significant role in shaping the observed phe-
notypic plasticity, potentially limiting or promoting variation in body size
and appendage dimensions (Frohlich et al., 2023). However, these patterns
should not be interpreted as isolated confirmations or refutations of classi-
cal rules, but rather as expressions of a complex adaptive process in which
multiple traits jointly contribute to maintaining a functional thermoregu-
latory strategy under specific ecological constraints (Baldwin et al., 2023;
Frohlich et al., 2023).
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Finally, it is important to acknowledge the limitations of our study. For
instance, our sampling was confined to one region of southern Peru, and
we used elevation as a proxy for temperature without taking direct climate
measurements. These factors should be considered when generalizing the
results. Future studies incorporating climatic data and covering broader
geographic ranges would help determine how universally these ecogeo-
graphic patterns apply to Z. capensis. Despite these limitations, our study
sheds new light on how Andean bird populations adopt different strategies
to adapt to a rapidly changing environment.

ACKNOWLEDGEMENTS

We thank the Museo de Historia Natural de la Universidad Nacional de San
Agustin (MUSA) for access to its ornithological collection and logistical
support throughout this project. Fieldwork would not have been possible
without the dedicated assistance of Sonia and Nestor. Also, we thank R.
Mena and G. Cano for their assistance in preparing the map. We are espe-
cially grateful to A. Diaz and A. Moncrieff for constructive comments on
earlier drafts of the manuscript. This study was conducted under research
permits N° D000315-2022-MIDAGRI-SERFOR-ATFFS-AREQUIPA and
N°D000016-2023-MIDAGRI-SERFOR-ATFFS-AREQUIPA issued by Pe-
ruvian National Forest and Wildlife Service (SERFOR).

AUTHOR CONTRIBUTIONS

MSH carried out the methodology, investigation, data curation, software,
and writing (original draft preparation); VGT and DEV were responsible
for conceptualization and writing (review and editing).

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.

LITERATURE CITED

Allen, J. A. (1877). The influence of physical conditions in the genesis of
species. Radical review, 1, 108-140.

Amézquita, A., Lima, A. B, Jehle, R., Castellanos, L., Ramos, 0., Crawford,
A. ]., Gasser, H., Hodl, W. (2009). Calls, colours, shape, and genes:
A multi-trait approach to the study of geographic variation in the
Amazonian frog Allobates femoralis. Biological Journal of the Linnean
Society, 98: 826-838. https://doi.org/10.1111/5.1095-8312.2009.01324.x

13


https://doi.org/10.1111/j.1095-8312.2009.01324.x

14

M. Soto-Huaira et al.: Altitudinal morphometric variation in Zonotrichia capensis

Andrade-Gonzilez, V. M., Vazquez-Miranda, H., Ornelas-Garcia, C. B,
Sosa-Lopez, J. R. (2023). Ecological factors drive the divergence of
morphological, colour and behavioural traits in cactus wrens (Aves,
Troglodytidae). Proceedings of the Royal Society B: Biological Scienc-
es, 290, 20230215. https://doi.org/10.1111/;.1600-0587.1996.tb00001.x

Ashton, K. G. (2002). Patterns of within-species body size variation of
birds: strong evidence for Bergmann’s rule. Global Ecology and Bioge-
ography, 11: 505-523. https://doi.org/10.1046/j.1466-822X.2002.00313.x

Ballentine, B., Horton, B., Brown, E., Greenberg, R. (2013). Divergent se-
lection on bill morphology contributes to nonrandom mating between
swamp sparrow subspecies. Animal Behaviour, 86: 467-473. https://doi.
org/10.1016/j.anbehav.2013.06.002

Bates, D., Maechler, M., Bolker, B., Walker, S., Christensen, R. H. B., Sing-
mann, H., ..., Bolker, M. B. (2015). Package ‘lme4’. convergence, 12(1), 2.

Baldwin, J., Garcia-Porta, J., and Botero, C. (2023). Complementarity in
Allen’s and Bergmann’s rules among birds. Nature communications
14: 4240. https://doi.org/10.1038/s41467-023-39954-9

Bears, H.,Drever, H. M. C., Martin, K. (2008). Comparative morphology of
dark-eyed juncos funco hyemalis breeding at two elevations: A common
aviary experiment. Journal Avian Biology. 39: 152-162. https://doi.
org/10.1111/;.2008.0908-8857.04191 .x

Bedoya-Cuno, M., Dillon, M. O., Quipuscoa, V. (2024). Analisis tax-
onémico del género Stevia (Asteraceae, Eupatorieae) en Arequipa,
Pert. Acta Botdnica Mexicana 131: e2368. https://doi.org/10.21829/
abm131.2024.2368

Bergmann, C. (1847). Uber die verhiltnisse der Warmedkonomie der thiere
zu ihrer grosse. Gott. Studien 1: 595-708.

Blackburn, T., Ruggiero, A. (2001). Latitude, elevation and boddy mass
variation in Andean passerine birds. Global Ecology & Biogeography
10: 245-259.

Blackburn, T.M. Gaston, K. J. (2001) Linking patterns in macro-
ecology. Journal of Animal Ecology, 70, 338-352. https://doi.
org/10.1111/5.1600-0587.1996.tb00001 .x

Boyle, A., Sandercock, B. K., Martin, K. (2016). Patterns and drivers of in-
traspecific variation in avian life history along elevational gradients: A
meta-analysis. Biological Reviews, 91: 469-482. https://doi.org/10.1111/
brv.12180

Bolivar-Leguizamon, S. & Silveira, E (2015). Morphological variation and
taxonomy of Lepidocolaptes angustirostris (Vieillot, 1818) (Passeriformes:
Dendrocolaptidae). Papéis Avulsos de Zoologia, 55: 281- 316.

Biilau, S. E., Kretschmer, R., Gunski, R. ]J., Garnero, A. D. V., O’Brien, B,
Ferguson-Smith, M. A., ..., Freitas, T. R. O. D. (2018). Chromosom-
al polymorphism and comparative chromosome painting in the ru-
fous-collared sparrow (Zonotrichia capensis). Genetics and molecular bi-
ology, 41, 799-805. https://doi.org/10.1590/1678-4685-GMB-2017-0367


https://doi.org/10.1111/j.1600-0587.1996.tb00001.x
https://doi.org/10.1046/j.1466-822X.2002.00313.x
https://doi.org/10.1016/j.anbehav.2013.06.002
https://doi.org/10.1016/j.anbehav.2013.06.002
https://doi.org/10.1038/s41467-023-39954-9
https://doi.org/10.1111/j.2008.0908-8857.04191.x
https://doi.org/10.1111/j.2008.0908-8857.04191.x
https://doi.org/10.21829/abm131.2024.2368
https://doi.org/10.21829/abm131.2024.2368
https://doi.org/10.1111/j.1600-0587.1996.tb00001.x
https://doi.org/10.1111/j.1600-0587.1996.tb00001.x
https://doi.org/10.1111/brv.12180
https://doi.org/10.1111/brv.12180
https://doi.org/10.1590/1678-4685-GMB-2017-0367

Acta Zoologica Lilloana 70 (1): 1-20, 7 de junio de 2026

Bulgarella, M., Wilson, R., Kopuchian, C., Valqui, T., McCraken, K. (2007).
Elevational variation in body size of Crested ducks (Lophonetta specu-
laroides) from the Central high Andes, Mendoza, and Patagonia. Or-
nitologia Neotropical. 18:587-602. http://hdl.handle.net/11336/59918

Busi, A., Cardona-Salazar, L., Gémez, D., Ossa-Lopez, P, Rivera-Péez,
E, Vasquez, R., Castano-Villa, G. (2020). Morphological differenc-
es in a population of Rufous-collared Sparrow (Zonotrichia capensis,
Statius Miiller, 1776) (Passerine, Emberizidae) at different elevations
in the Tropical Andes. Biota Neotropica 20: €20190867. https://doi.
org/10.1590/1676-0611-BN-2019-0867

Cadena, C. D., Cheviron, Z. A., Funk, W. C. (2011). Testing the molec-
ular and evolutionary causes of a “leapfrog” pattern of geographical
variation in coloration. Journal of Evolutionary Biology, 24: 402—414.
https://doi.org/10.1111/1.1420-9101.2010.02175.x

Cardilini, A., Buchanan, K., Sherman, C., Cassey, B, Symonds, R. (2016).
Tests of ecogeographical relationships in a non-native species: what
rules avian morphology? Oecologia, 181:783-793.

Cardona-Salazar, L. J., Busi, A., Castillo, D. G., Ossa-Lopez, P A., Rive-
ra-Paez, E A., Vasquez, R. A., & Castano-Villa, G. J. (2021). Breed-
ing biology in a population of Rufous-collared Sparrow (Zonotrichia
capensis, Statius Miiller, 1776) at different elevations in the Tropical
Andes. Biota Neotropica, 21, €20200985. https://doi.org/10.1590/1676-
0611-BN-2020-0985

Castro, G., Carey, C., Whittembury, J., Monge, C. (1985). Comparative re-
sponses of sea level and montane rufous-collared sparrows, Zonotrichia
capensis, to hypoxia and cold. Comparative Biochemistry and Physiol-
ogy Part A: Physiology, 82(4), 847-850.

Castro, A., Davila, C., Laura, W., Cubas Saucedo, E, Avalos, G., Lopez, C.,
..., Marin, D. (2021). Climas del Perti: mapa de clasificacion climatica
nacional (pp. 70-70).

Chapman, E (1940). The post-glacial history of Zonotrichia capensis. Bulletin
of the American Museum of Natural History. 77: 381-439.

Cheviron, Z., Whitehead, A., Brumfield, R. (2008). Transcriptomic variation
and plasticity in Rufous-Collared Sparrows (Zonotrichia capensis) along
an antitudinal gradient. Molecular Ecology, 17: 4556-4569. https://doi.
org/10.1111/.1365-294X.2008.03942.x

Dangol, D., Khanal, L., Pandey, N., Ghimire, A., Kyes, R. (2022). Test of
Ecogeographical Rules on Sparrows (Passer spp.) along the Elevation
Gradient of Himalaya in Central Nepal. Ecologies, 3:480-491. https://
doi.org/10.3390/ecologies3040034

Danner, J., Fleischer, R., Danner, R., Moore, 1. (2017). Genetic population
structure in an equatorial sparrow: roles for culture and geography.
Journal of Evolutionary Biology. 30: 1078-1093. https://doi.org/10.1111/
jeb.13065

15


http://hdl.handle.net/11336/59918
https://doi.org/10.1590/1676-0611-BN-2019-0867
https://doi.org/10.1590/1676-0611-BN-2019-0867
https://doi.org/10.1111/j.1420-9101.2010.02175.x
https://doi.org/10.1111/j.1365-294X.2008.03942.x
https://doi.org/10.1111/j.1365-294X.2008.03942.x
https://doi.org/10.3390/ecologies3040034
https://doi.org/10.3390/ecologies3040034
https://doi.org/10.1111/jeb.13065
https://doi.org/10.1111/jeb.13065

1 6 M. Soto-Huaira et al.: Altitudinal morphometric variation in Zonotrichia capensis

Davis, K. M., Burtt, E. H. (2019). Size increase with altitude in the Ru-
fous-collared Sparrow (Zonotrichia capensis). Wilson Journal of Orni-
thology 131:135-139. https://doi.org/10.1676/17-19

Delhey, K. (2019). A review of Gloger’s rule, an ecogeographical rule of
colour: definitions, interpretations and evidence. Biological Reviews,
94:1294-1316. https://doi.org/10.1111/brv.12503

Diaz, A., Quispe-Torres, A., Tataje, D., Reynoso, A., & Hein, L. (2023).
Records of breeding activity in birds of the Lima Metropolitan Area,
central coast of Peru, based on citizen science data. Revista del Museo
Argentino de Ciencias Naturales nueva serie, 25, 97-120.

Diaz, A., Bautista, E., McCracken, K. (2023). Geographic variation in
body size and hematology of the Slate-Colored Coot (Fulica ardesi-
aca) along the Andes of Peru. Waterbirds, 46: 146-160. https://doi.
org/10.1675/063.046.0406

Fan, L., Cai, T., Xiong, Y., Song, G., Lei, E (2019). Bergmann’s rule and
Allen’s rule in two passerine birds in China. Avian Research, 10, 1-11.
https://doi.org/10.1186/s40657-019-0172-7

Fjeldsa, J., Bowie, R. C., Rahbek, C. (2012). The role of mountain ranges
in the diversification of birds. Annual Review of Ecology, Evolution,
and Systematics, 43, 249-265. https://doi.org/10.1146/annurev-ecol-
sys-102710-145113

Freeman, B. G. (2016). Little evidence for Bergmann’s rule body size clines
in passerines along tropical elevational gradients. Journal of biogeog-
raphy 44: 502-510. https://doi.org/10.1111/jbi.12812

Friedman, N. R., Miller, E. T,, Ball, J. R., Kasuga, H., Remes, V., Econo-
mo, E. P (2019). Evolution of a multifunctional trait: shared effects
of foraging ecology and thermoregulation on beak morphology, with
consequences for song evolution. Proceedings of the Royal Society
B, 286: 20192474. https://doi.org/10.1098/rspb.2019.2474

Frohlich, A., Kotowska, D., Martyka, R., Symonds, M. R. E. (2023). Al-
lometry reveals trade-offs between Bergmann’s and Allen’s rules, and
different avian adaptive strategies for thermoregulation. Nature Com-
munications, 14: 1101. https://doi.org/10.1038/s41467-023-36676-w

Goldenberg, J., Bisschop, K., D’Alba, L., Shawkey, M. (2022). The link
between body size, colouration and thermoregulation and their integra-
tion into ecogeographical rules: a critical appraisal in light of climate
change. Oikos, €09152. https://doi.org/10.1111/0ik.09152

Greenberg, R., Danner, R., Olsen, B., Luther, D. (2012). High summer tem-
perature explains bill size variation in salt marsh sparrows. Ecography,
35, 146e152. https://doi.org/10.1111/;.1600-0587.2011.07002.x

Guo, Q., Qian, H., Liu, B, Zhang, J. (2024). Bergmann’s rule in global ter-
restrial vertebrates. Biological Journal of the Linnean Society, 143(2),
blae092.


https://doi.org/10.1676/17-19
https://doi.org/10.1111/brv.12503
https://doi.org/10.1675/063.046.0406
https://doi.org/10.1675/063.046.0406
https://doi.org/10.1186/s40657-019-0172-7
https://doi.org/10.1146/annurev-ecolsys-102710-145113
https://doi.org/10.1146/annurev-ecolsys-102710-145113
https://doi.org/10.1111/jbi.12812
https://doi.org/10.1098/rspb.2019.2474
https://doi.org/10.1038/s41467-023-36676-w
https://doi.org/10.1111/oik.09152
https://doi.org/10.1111/j.1600-0587.2011.07002.x

Acta Zoologica Lilloana 70 (1): 1-20, 7 de junio de 2026

Gutiérrez-Pinto, N., McCraken, K. G., Alza, L., Tubaro, P, Kopuchian, C.,
Astie, A., Cadena, C. D. (2014). The validity of ecogeographical rules
is context-dependent: Testing for Bergmann’s and Allen’s rules by lat-
itude and elevation in a widespread Andean duck. Biological Journal
of the Linnean Society. 111: 850-862. https://doi.org/10.1111/bij.12249

Herzog, S. K., Kattan, G. H. (2011). Patterns of diversity and endemism
in the birds of the tropical Andes. Climate change and biodiversity in
the tropical Andes, 245-259.

Ibarguchi, G. (2011). Biogeography and diversification of the Andean
Seedsnipes (Thinocoridae): an Antartic avian linage? (Doctoral dis-
sertation, Queen’s University).

Jiménez, P. C., Villasante, J. E, Talavera, B. C., Villegas, L. N. (2006). Eco-
sistemas de Arequipa. Oferta Ambiental y Desarrollo Sostenible. Zonas
Aridas 7: 118-132. DOI: https://doi.org/10.21704/za.v711.721

Lee, C. C, Fu, Y., Yeh, C., Yeung, C. K. L, Hung, H., Yao, Y., Lee, P L., Li,
S. H. (2021). Morphological variations in a widely distributed Eastern
Asian passerine cannot be consistently explained by ecogeographic
rules. Ecology and Evolution 11: 15249-15260. https://doi.org/10.1002/
ece3.8208

Lee, K. H., Shaner, P J. L., Lin, Y. P, Lin, S. M. (2016). Geographic vari-
ation in advertisement calls of a microhylid frog—Testing the role of
drift and ecology. Ecology and Evolution, 6: 3289-3298. https://doi.
org/10.1002/ece3.2116

Llerena, C. (2018). Caracteres morfométricos implicados en la determi-
nacion del sexo en aves sin dicromatismo sexual (Orden Passeriformes)
presentes en Arequipa. [Tesis de grado, Universidad Nacional de San
Agustin de Arequipa, Pera].

Lopez, J. P, Stiles, E G., Parra, J. L. (2015). Protocolo para la medicion de
rasgos funcionales en aves. pp 80-125. En: Salgado-Negret, B. (ed).
La ecologia funcional como aproximacion al estudio, manejo y con-
servacion de la biodiversidad: protocolos y aplicaciones. Instituto de
Investigaciéon de Recursos Bioldgicos Alexander von Humboldt. Bo-
gota, D. C. Colombia. 236 p.

Lougheed S. C., Campagna, L., Davila, J. A., Tubaro, P L., Lijtmaer, D. A,
Handford, P. (2013). Continental phylogeography of an ecologically
and morphologically diverse Neotropical songbird, Zonotrichia capensis.
BMC Evolutionary Biology 2013 13:58.

Maestri, M., Luza, A., de Barros, L., Hartz, S., Ferrari, A., de Freitas, T,
Duarte, L. (2016). Geographical variation of body size in sigmodontine
rodents depends on both environment and phylogenetic composition
of communities. Journal of Biogeography, 43: 1192-1202. https://doi.
org/10.1111/;b1.12718

17


https://doi.org/10.1111/bij.12249
https://doi.org/10.21704/za.v7i1.721
https://doi.org/10.1002/ece3.8208
https://doi.org/10.1002/ece3.8208
https://doi.org/10.1002/ece3.2116
https://doi.org/10.1002/ece3.2116
https://doi.org/10.1111/jbi.12718
https://doi.org/10.1111/jbi.12718

18

M. Soto-Huaira et al.: Altitudinal morphometric variation in Zonotrichia capensis

Martin, K., De Zwaan, D. R., Scridel, D., Tomas, A. (2023). 2- Avian Ad-
aptations to High Mountain Habitats. Ecology and Conservation of
Mountain Birds, 35. Chamberlain, D., Lehikoinen, A., & Martin, K.
(Eds.). (2023). Ecology and Conservation of Mountain Birds. Cam-
bridge University Press.

Marengo, J. A., Obregén, G. O., & Valverde, M. C. (2008). Cambio Climati-
co en Arequipa: impactos, evaluaciones de vulnerabilidad y medidas
de adaptacion. CCST/INPE .Mayr, E. (1963). Animal Species and Evo-
lution. Cambridge, Massachusetts: Harvard University Press.

Meiri, S., Dayan, T. (2003). On the validity of Bergmann’s rule. Jour-
nal of Biogeography, 30:331-351. https://doi.org/10.1046/j.1365-
2699.2003.00837.x

Meiri, S. (2011). Bergmann’s Rule-what’s in a name? Global Ecolo-
gy and Biogeography, 20: 203-207. https://doi.org/10.1111/j.1466-
8238.2010.00577.x

Meiri, S., Yom-Tov, Y., Geffen, E. (2007). What determines conformity
to Bergmann’s rule? Global Ecology and Biogeography 16: 788-794.
https://doi.org/10.1111/7.1466-8238.2007.00330.x

Miller, C., Latimer, C., Zuckerberg, B. (2018). Bill size variation in northern
cardinals associated with anthropogenic drivers across North America.
Ecology and Evolution, 8: 4841-4851. https://doi.org/10.1002/ece3.4038

Moraes, A. G. D. L., Bowling, L. C., Zeballos-Velarde, C. R., Daneshvar, E,
Watkins, A. H., & Cherkauer, K. A. (2023). Terrain sensitive climate
mapping for the Arequipa Department in Peru. International Journal
of Climatology, 43, 76-98.

Moreno, N. (2017). Analisis de la variacién morfolégica y climatica en aves
de alta montana en 24 anos. Tesis para optar el grado de Magister en
Conservacion en uso de biodiversidad. Pontificia Universidad Javeri-
ana, Colombia.

Ocampo-Penuela, N. (2024). Context-dependent bird body mass responses
to climate change. Trends in Ecology & Evolution.

Olson, V. A., Davies, R. G., Orme, C. D. L., Thomas, G. H., Meiri, S.,
Blackburn, T. M., ..., Bennett, P M. (2009). Global biogeography and
ecology of body size in birds. Ecology Letters, 12, 249-259. https://doi.
org/10.1111/;.1461-0248.2009.01281.x

Paulo, P, Teéfilo, E H., Bertuol, C., Polo, E., Moncrieff, A. E., Bandeira, L.
N., ..., Anciaes, M. (2023). Geographic drivers of genetic and plumage
color diversity in the blue-crowned manakin. Evolutionary Biology, 50,
413-431. https://doi.org/10.1007/s11692-023-09613-4

Poblete, Y., Contreras, C., Fernandez, C., Flores, C., Vega, P, Avila, M.,
Sabat, P. (2023). Geographic variation in the altitudinal migration pat-
terns, body size, oxidative status and exploratory behavior in a neo-
tropicl bird. Ecology and Evolution, 13: €9941. https://doi.org/10.1002/
ece3.9941


https://doi.org/10.1046/j.1365-2699.2003.00837.x
https://doi.org/10.1046/j.1365-2699.2003.00837.x
https://doi.org/10.1111/j.1466-8238.2010.00577.x
https://doi.org/10.1111/j.1466-8238.2010.00577.x
https://doi.org/10.1111/j.1466-8238.2007.00330.x
https://doi.org/10.1002/ece3.4038
https://doi.org/10.1111/j.1461-0248.2009.01281.x
https://doi.org/10.1111/j.1461-0248.2009.01281.x
https://doi.org/10.1007/s11692-023-09613-4
https://doi.org/10.1002/ece3.9941
https://doi.org/10.1002/ece3.9941

Acta Zoologica Lilloana 70 (1): 1-20, 7 de junio de 2026

Podos, J. (2001). Correlated evolution of morphology and vocal signal struc-
ture in Darwin’s finches. Nature, 409: 185-188.

Pyle, P. (1997). Identification guide to North American birds, Part I. Slate
Creek Press, Bolinas, California, USA.

R CORE TEAM. (2024). R: A language and environment for statistical
computing. R Found. Stat. Comput. Vienna. Austria. Available at
https://cran.r-project.org

Ralph, C. J., Geupel, G. R., Pyle, P, Martin, T. E., DeSante, D. E, Mil4, B.,
..., David, E (1996). Manual de métodos de campo para el monitoreo
de aves terrestres. Pacific Southwest Research Station, Forest Service.
US Department of Agriculture, Washington, DC.

Romano, A., Séchaud, R., Roulin, A. (2019). Geographical variation in bill
size provides evidence for Allen’s rule in a cosmopolitan raptor. Global
Ecology and Biogeography 29: 65-75. https://doi.org/10.1111/geb.13007

Schulenberg, T. S., Stotz, D. E, Lane, D. E, O’Neill, J. P, Parker III, T.A.
(2010). Birds of Peru. Revised and updated edition. Second printing,
and first paperback printing, revised and updated. Princeton Univer-
sity Press, Princeton, New Jersey, pp. 1-664

Searcy, W. A. (1979). Sexual selection and body size in male red-winged
blackbirds. Evolution, 649-661.

Seeholzer, G. E, Brumfield, R. T. (2018). Isolation by distance, not in-
cipient ecological speciation, explains genetic differentiation in an
Andean songbird (Aves: Furnariidae: Cranioleuca antisiensis, Line-
cheeked Spinetail) despite near threefold body size change across an
environmental gradient. Molecular Ecology, 27, 279-296. https://doi.
org/10.1111/mec.14429

Servino, L. M., Ferrarini, J. M. G., Nogueira, C. D. C., Barbo, E E., Sawaya,
R. J. (2024). Are Bergmann’s and Jordan’s rules valid for a neotropi-
cal pitviper? Journal of Zoology, 323, 346-355. https://doi.org/10.1111/
jz0.13193

Sun, Y., Li, M., Song, G., Lei, E, Li, D., Wu, Y. (2017). The role of climate
factors in geographic variation in body mass and wing length in a
passerine bird. Avian Res, 8: 1-9.

Symonds, M. R., Tattersall, G. J. (2010). Geographical variation in bill size
across bird species provides evidence for Allen’s rule. American Nat-
uralist 176:188-197.

Tattersall, G. J., Andrade, D. V., Abe, A. S. (2009). Heat exchange from the
toucan bill reveals a controllable vascular thermal radiator. Science
325:468—470.

Ugarte, M. & Lavalle, M. (2018). Primer registro documentado del Gorrién
de Collar Rufo Zonotrichia capensis (Aves: Emberizidae) en la Ama-
zonia Peruana. Revista Peruana de Biologia. 25. 179. 10.15381/rpb.
v2512.14077.

19


https://cran.r-project.org
https://doi.org/10.1111/geb.13007
https://doi.org/10.1111/mec.14429
https://doi.org/10.1111/mec.14429
https://doi.org/10.1111/jzo.13193
https://doi.org/10.1111/jzo.13193

20

M. Soto-Huaira et al.: Altitudinal morphometric variation in Zonotrichia capensis

VanderWerf, E. A. (2012). Ecogeographic patterns of morphological vari-
ation in Elepaios (Chasiempis spp.): Bergmann’s, Allen’s and Gloger’s
Rules in a Microcosm —. Ornithological Monographs, 73, 1-34.

Watt, C., Mitchell, S., & Salewski, V. (2010). Bergmann’s rule; a con-
cept cluster?. Oikos, 119, 89-100. https://doi.org/10.1111/7.1600-
0706.2009.17959.x

Xu, Y, Price, M.. Que, P, Zhang, K., Sheng, S., He, X., Wen, Z., Wang, B.
(2023). Ecological predictors of interspecific variation in bird bill and
leg lengths on a global scale. Proceedings of the Royal Society B: Bio-
logical Sciences 290: 20231387. https://doi.org/10.1098/rspb.2023.1387

Zamorano, T. E (2023). Muda y crianza: analisis comparativo de la tem-
poralidad de la muda de Zonotrichia capensis en funcion del sexo. Tesis
para obtar grado de Magister en Ciencias Biologicas, Universidad de
Chile.

Zeballos, C. (2020). Atlas Ambiental de Arequipa. [Environmental Atlas of
Arequipa] Arequipa. Universidad Catolica de Santa Maria.[Santa Maria
Catholic Unwversity].

Zink, R. M., Remsen, J. V. (1986). Evolutionary processes and patterns of
geographic variation in birds. Current Ornithology, 4, 1-6. https://doi.
org/10.1111/geb.12522


https://doi.org/10.1111/j.1600-0706.2009.17959.x
https://doi.org/10.1111/j.1600-0706.2009.17959.x
https://doi.org/10.1098/rspb.2023.1387
https://doi.org/10.1111/geb.12522
https://doi.org/10.1111/geb.12522

