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ABSTRACT

In the Northern Hemisphere, several avian cavity excavators (e.g., woodpeckers) orient their cavities increasingly
toward the equator as latitude increases (i.e. farther north), and it is proposed that they do so to take advantage of
incident solar radiation at their nests. If latitude is a key driver of cavity orientations globally, this pattern should extend
to the Southern Hemisphere. Here, we test the prediction that cavities are oriented increasingly northward at higher
(i.e. colder) latitudes in the Southern Hemisphere and describe the preferred entrance direction(s) of 1,501 cavities
excavated by 25 avian species (n = 22 Picidae, 2 Trogonidae, 1 Furnariidae) across 12 terrestrial ecoregions (15°S to 55°S)
in South America. We used Bayesian projected normal mixed-effects models for circular data to examine the influence
of latitude, and potential confounding factors, on cavity orientation. Also, a probability model-selection procedure
was used to simultaneously examine multiple orientation hypotheses in each ecoregion to explore underlying cavity-
orientation patterns. Contrary to predictions, and patterns from the Northern Hemisphere, birds did not orient their
cavities more toward the equator with increasing latitude, suggesting that latitude may not be an important underlying
selective force shaping excavation behavior in South America. Moreover, unimodal cavity-entrance orientations were
not frequent among the ecoregions analyzed (only in 4 ecoregions), whereas bimodal (in 5 ecoregions) or uniform
(in 3 ecoregions) orientations were also present, although many of these patterns were not very clear. Our results
highlight the need to include data from under-studied biotas and regions to improve inferences at macroecological
scales. Furthermore, we suggest a re-analysis of Northern Hemisphere cavity orientation patterns using a multi-model
approach, and a more comprehensive assessment of the role of environmental factors as drivers of cavity orientation at
different spatial scales in both hemispheres.

Keywords: excavation behavior, latitudinal gradient, Neotropical birds, oceanic influence, selective orientation,
Southern Hemisphere, thermal advantage
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LAY SUMMARY

« We tested the hypothesis that avian excavators (e.g., woodpeckers) increasingly orient their cavities toward the
equator (sun) as latitude increases (i.e. colder climate), between 15°S and 55°S in the Southern Hemisphere.

- We found no evidence that latitude influenced orientation.

« The preferred entrance direction(s) of 1,501 cavities excavated by 25 South American avian excavators from 12 ecoregions
(bioclimatic areas) were bimodal (5 ecoregions), followed by unimodal (4 ecoregions), and uniform (3 ecoregions).

« The patterns of cavity orientation at the ecoregions considered, and the lack of relationship with latitude differed
strikingly from previous studies from the Northern Hemisphere, which highlights the importance of using multi-model
analytical approaches for circular data, as well as the need to include understudied biotas to improve inferences in
macroecology.

La latitud no influye en la orientacion de la entrada de las cavidades excavadas por aves de Sudamérica

RESUMEN

En el Hemisferio Norte, muchos excavadores de cavidades arbéreas (e.g., pajaros carpinteros) orientan la entrada de
sus cavidades hacia el ecuador, a medida que la latitud aumenta. Esto se deberia a una ventaja térmica de la radiacién
solar ingresando al nido, en climas mas frios. Si la latitud tiene un rol determinante en las orientaciones de las cavidades
excavadas a nivel global, un patrén similar (pero contrario) se deberia evidenciar en el Hemisferio Sur. Nuestros objetivos
fueron probar la prediccién que, en el Hemisferio Sur, las cavidades orientan crecientemente al norte al aumentar la
latitud, y describir la(s) preferencia(s) de orientacién en una muestra de 1,501 cavidades excavadas por 25 especies
(n =22 Picidae, 2 Trogonidae, 1 Furnariidae) en 12 ecorregiones (15°S-55°S) de Sudamérica. Evaluamos la influencia de
la latitud sobre la orientacién (y de otros factores potencialmente influyentes) en base a modelos bayesianos mixtos
para datos circulares con distribucién normal proyectada, y exploramos los patrones de orientaciéon subyacentes en
cada ecorregién mediante un analisis multi-modelo, comparando varias estructuras circulares simultdaneamente.
Contrariamente a nuestras predicciones en base a los patrones del Hemisferio Norte, las aves de Sudamérica no tendieron
a orientar sus cavidades hacia el norte al incrementar la latitud, lo que sugiere que la latitud tiene baja influencia en el
comportamiento de excavacion de las aves sudamericanas. De hecho, las orientaciones unimodales no fueron frecuentes
(cuatro ecorregiones), siendo también comunes las bimodales (cinco ecorregiones) y uniformes (tres ecorregiones),
aunque varios de estos patrones de orientacion fueron poco netos. Nuestros resultados desatacan la importancia de
incluir datos de biotas y regiones poco estudiadas para lograr buenas inferencias en macroecologia. Ademds, sugerimos
re-analizar, bajo una mirada de modelos muiltiples, los patrones de orientacién en el Hemisferio Norte, y en ambos
hemisferios, evaluar mas exhaustivamente el rol de factores ambientales alternativos como promotores de orientaciones
de cavidades, en diferentes escalas espaciales.

Palabras clave: aves neotropicales, comportamiento de excavacién, gradiente latitudinal, Hemisferio Sur, influencia

oceanica, orientacion selectiva, ventaja térmica

INTRODUCTION

Avian excavators such as woodpeckers (Picidae) create
nesting and roosting cavities in trees and alterna-
tive substrates (e.g., cacti, wooden posts, termitaria,
and river banks). A well-documented pattern among
excavated cavities is that they often occur in non-
random orientations (e.g., Lawrence 1967, Conner 1975,
Inouye et al. 1981, Zwartjes and Nordell 1998). Multiple
explanations have been proposed for non-random cavity
orientation in birds, including social factors (e.g., com-
munication, Mennill and Ratcliffe 2004), predation risk
and competition (Albano 1992), substrate properties
(leaning or branching, Zwartjes and Nordell 1998), di-
rectional bias in dispersal/colonization of heart-rot fungi
(Losin et al. 2006), and optimization of cavity microcli-
mate to increase nestling development, reduce parental
energy investment, and/or improve fledging success
(Lawrence 1967, Inouye et al. 1981, Korol and Hutto
1984, Hansell 2000, Deeming 2002, Mezquida 2004,

Ornithology 138:1-14, © 2021 American Ornithological Society

Dawson et al. 2005, Mainwaring et al. 2017). Whereas
most of these factors operate at a local or regional scale,
climate (e.g., wind, rainfall, and solar radiation) may also
predict large-scale macroecological patterns.

Direct evidence of the effect of solar radiation on
cavity microclimate has been observed in multiple
studies at north temperate latitudes, where cavities
facing the equator (i.e. south) are significantly warmer
than those facing away from the equator (i.e. north;
Derby and Gates 1966, Wiebe 2001, Ardia et al. 2006,
Butler et al. 2009). Landler et al. (2014) conducted a
meta-analysis of cavity entrance orientation from 80
populations of 23 woodpecker species across 35 degrees
of latitude (25°N-60°N) in the Northern Hemisphere and
concluded that temperature, as determined by latitude
and continental effects, was the major driver of orienta-
tion. These authors found that cavity entrance orienta-
tion was non-random in 39% of the studies analyzed and
that, independent of taxonomic relationships, wood-
pecker populations occurring at higher latitudes (i.e.
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facing higher risks of hypothermia) orient their cavities
more toward the equator to take advantage of inci-
dent solar radiation in their nests. These patterns were
stronger for North American than Eurasian populations
at similar latitudes. Because the focus of the work of
Landler et al. (2014) was restricted to an examination
of the effect of latitude and continent on the mean di-
rection of woodpecker cavity orientation, these authors
based their exploration of the angular deviations from
random (i.e. uniform) distribution using a Rayleigh test,
which has low power to reject the null hypothesis of uni-
formity when more than one mode is present (Landler
et al. 2019). Other patterns beyond unimodality (i.e. bi-
or multimodal patterns, Korol and Hutto 1984, Dobkin
et al. 1995, Butcher et al. 2002, Rico and Sandoval 2014),
which may relate to cavity thermal efficiency, were not
explored in the Landler et al. (2014) study. Extreme sea-
sonal conditions (e.g., cold winters or hot summers)
and trade-offs between local climatic drivers (e.g.,
wind/rainfall vs. solar incidence) may result in complex
scenarios for the optimization of cavity microclimate
by excavators in any ecoregion. Hence, analyzing non-
unimodal cavity orientations may also provide insight
on factors that likely influence cavity thermal properties
among excavator populations.

Understanding the factors driving orientation of avian
cavities on a global scale should include examining lat-
itudinal effects in under-represented regions (Landler
et al. 2014). A current challenge is to test whether these
large-scale patterns in orientation associated with
the Northern Hemisphere also occur in the Southern
Hemisphere. The “solar radiation advantage” hypothesis
predicts that birds at low southern latitudes (i.e. warmer
locations) will orient their cavities south (away from the
sun) to avoid over-heating, as long as the angles of inci-
dence of solar radiation are sufficient to exert an effect
on cavity microclimate (i.e. not too close to the equator).
Conversely, at the highest southern latitudes (i.e. colder
extremes), cavities should orient northwards toward
the sun to reduce energy investment in thermoregula-
tion. This macroecological orientation pattern implic-
itly requires that unimodal woodpecker cavity entrance
orientations be commonplace in the latitudinal extremes
of the Southern Hemisphere. Between the extremes of
southern latitudes, one might expect both a preferred
orientation, or a uniform distribution depending upon
which factors are most important.

Macroecological factors that may conceal or dilute
the effect of solar radiation should be considered in
cavity orientation vs. latitudinal gradient studies at con-
tinental scales, whenever possible. Among those with
great potential to affect cavity thermal properties, and
adaptive responses by excavator species (i.e. orientation
patterns), are elevation (McCaffrey and Galen 2011),
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continent-scale climate (Landler et al. 2014), and eco-
region (Nado and Kanuch 2017). The extent to which
local climate is influenced by sea-landmass interactions
at the continental scale can be translated into inland
thermal severity, with annual (and daily) temperature
ranges increasing as the moderating influence of water
disappears (McBoyle and Steiner 1972, Mikolaskova
2009). In turn, ecoregions, representing distinct biotas
and nested within biomes and realms, provide a frame-
work for comparisons among units and the identifi-
cation of representative climate, habitats, ecological
phenomena, and species assemblages (Olson et al. 2001).
An additional factor influencing cavity orientation is the
body size of avian excavators. The regulation of body
temperature and water loss in birds are size-dependent
(Prinzinger et al. 1991); therefore, response mechanisms
to hyper- or hypothermic conditions are likely to vary
with body size.

Here we investigate the trends in entrance orientation
of excavated cavities across a range of tropical to subpolar
habitats in South America. Using data from multiple study
systems, we: 1) test the “southern predictions” for the hy-
pothesis that latitude—and its associated solar radiation
and ambient temperature—are dominant drivers of cavity
orientation at continental scales, while we explore further
macroecological variables (e.g., elevation, ecoregion) with
potential effects on cavity orientation; and (2) describe
the preferred direction(s) of cavity entrances from exca-
vator communities in 12 South American ecoregions. We
include circular trends beyond unimodality to describe
patterns of cavity orientation at all latitudes to enrich our
understanding of cavity construction behavior by birds at
a global scale.

MATERIALS AND METHODS

Study Area

The present study combines data on excavated cavities
from short- and long-term field studies of avian cavity
excavators and their nest and roost sites collected in
Argentina, Brazil, and Chile (Tables 1 and 2, Figure 1).
Our data were obtained at 21 field sites that correspond to
12 South American ecoregions, as defined by Olson et al.
(2001). Because of different methodologies, the parallelism
among data sets, sites, and ecoregions was not always
straightforward (see Supplementary Material Appendix S1
for details).

Close to the equator, the angles of incidence of solar ra-
diation on vertical objects are near zero (i.e. little incidence,
Idowu et al. 2013). Hence, to enable potential effects of the
sun on cavities excavated into vertical tree trunks, min-
imum latitude was tentatively established at 15°S, areas
considered among the warmest (i.e. ecuatorian) climates
on Earth (Kottek et al. 2006). The maximum latitude was
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TABLE 1. Orientation of 1,501 excavated cavities distributed across 12 ecoregions of southern South America (country initials in
parentheses: AR = Argentina, BR = Brazil, CH = Chile). Mean temperatures (T) were obtained for each ecoregion from Climate-Data
Org. (https://en.climate-data.org) for closest or midpoint cities, where A = annual, S = summer (warmest month), and W = winter
(coldest month). Cavity orientation patterns were summarized from the model selection procedure given in Supplementary Material
Appendix S3.The orientation pattern according to the top model (i.e. lowest AAIC , highest w) is shown for each ecoregion. Alternative
orientations are also shown whenever the ratio between AAIC_w, values of the top and following model(s) <2.5 (i.e. the strength of
evidence in favor of the top-model was low, compared to the other models; see Symonds and Moussalli 2011); the similarly supported
orientations are in italic. Orientation patterns whose AAIC_w, > 0.7 (considered almost unequivocal) are in bold.

Cavity orientation patterns

Ecoregion (North to South) Mean location (m.a.s.l.) Mean T (°C) Cavities (n)  (AAIC_w)
1. Cerrado (BR) 15.90°S 47.90°W (1060) A:21.1 50 Uniform (0.70)
S:223
W:18.9
2. Dry Chaco (AR) 23.65°S 65.27°W (400) A:22.2 46 Bimodal axial NE—SW (0.60)
S:27.1
W:15.8
3. Southern Andean Yungas (AR)  23.90°S 64.90°W (720) A:21.0 186 Unimodal W (0.61)
S:25.9
W: 14.5
4, Atlantic Forest (AR) 26.61°S 54.12°W (530) A:18.5 113 Bimodal axial NW—SE (0.42)
S:23.2 Uniform (0.38)
W: 13.6
5. High Monte (AR) 26.07°S 65.68°W (1695) A:16.2 40 Unimodal W (0.84)
S:21.1
W:9.9
6. Humid Chaco (AR) 26.80°S 59.60°W (50) A:214 46 Uniform (0.84)
S:27.2
W:15.2
7. Parana Flooded Savanna (AR) 30.62°S 59.95°W (40) A:20.0 9 Uniform (0.49)
S:26.2 Unimodal NW (0.47)
W: 14.0
8. Northern Espinal (AR) 31.47°S 60.92°W (40) A:18.9 78 Unimodal N (0.55)
S:25.8
W:12.4
9. Humid Pampas (AR) 35.31°557.21°W (10) A:16.0 77 Bimodal axial S—N (0.60)
S:22.7
W:10.2
10. Southern Espinal (AR) 36.91°S 64.28°W (140) A:15.3 52 Unimodal ESE (0.345)
S:234 Bimodal non-axial SSW—NE
(0.342)
W:7.7 Uniform (0.18)
11. Valdivian Temperate Rain 40.17°S 71.78°W (950) A:9.8 638 Bimodal non-axial NNE—S
Forests (CH, AR) (0.38)
S:15.8 Bimodal axial N-S (0.24)
W: 4.3 Unimodal E (0.22)
Uniform (0.16)
12. Magellanic Subpolar 54.95°S 67.66°W (60) A:5.6 166 Bimodal non-axial NW—SE
Forests (CH) $:9.3 (0.92)
W:1.8

55°S, at the southern tip of South America. These extremes
created a latitudinal range of ~40° for comparison, with a
longitudinal range of 47°W-72°W, and from sea level to
~1,700 m in elevation.

Field Methods

We included data collected by a variety of methods (e.g.,
cavity surveys, nest searching, and radio-telemetry) that
we considered unbiased in terms of cavity orientation.

Ornithology 138:1-14, © 2021 American Ornithological Society

We included avian-excavated cavities in substrates where
all orientations were available (i.e. trees, posts, and free-
standing termitaria), and excluded cavities in directional
substrates (earth banks or termitaria attached to trees).
Non-excavated cavities, although occasionally used by
excavators, were excluded from our datasets. We identified
the excavator species of most cavities, either by direct obser-
vation or by inferring from differences in sizes and shapes
of cavity entrance, based upon investigator experience.
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TABLE 2. Information on the South American excavator species in this study. Species with the minimum sample size (=9 cavities)
included in the Bayesian models are in bold. Avian taxonomy and nomenclature follow the South American Classification Committee

(Remsen et al. 2020).

Cavities (n)

Species <9 >9 Mean weight (g) Ecoregions with cavities (sensu Olson et al. 2001)

Woodpeckers (Picidae)

Picumnus cirratus - 97 9.5 Dry Chaco/Humid Chaco/Northern Espinal/Parana
Flooded Savanna/Southern Andean Yungas

Picumnus temminckii - 10 11.2 Atlantic Forests

Melanerpes flavifrons - 10 56.5 Atlantic Forests

Melanerpes cactorum - 60 41.0 High Monte/Northern Espinal/Humid Chaco

Melanerpes candidus 4 - 117.0 Humid Chaco/Northern Espinal

Veniliornis mixtus - 1 334 Southern Espinal/Humid Chaco/Northern Espinal/Parana
Flooded Savanna

Veniliornis lignarius - 73 37.0 Valdivian Temperate Rain Forests

Veniliornis passerinus 2 - 30.5 Parana Flooded Savanna

Veniliornis frontalis 1 - 35.0 Southern Andean Yungas

Veniliornis spilogaster 2 - 40.0 Atlantic Forests

Campephilus leucopogon - 126 242.0 Dry Chaco/Humid Chaco/Northern Espinal/Southern
Andean Yungas

Campephilus magellanicus - 539 3375 Valdivian Temperate Rain Forests/Magellanic
Subpolar forests

Campephilus robustus 6 - 269.0 Atlantic Forests

Campephilus melanoleucos 2 - 2325 Cerrado

Dryocopus lineatus - 15 211.0 Atlantic Forests/Cerrado

Dryocopus schulzi 2 - No data Humid Chaco

Celeus galeatus - 9 131.0 Atlantic Forests

Celeus lugubris 1 - 14.5 Humid Chaco

Colaptes melanochloros - 128 115.0 Humid Chaco/Atlantic Forests/Humid Pampas/High
Monte/Northern Espinal/Parana Flooded Savanna

Colaptes campestris - 113 168.5 Atlantic Forests/Cerrado/Humid Pampas/Northern
Espinal/Parana Flooded Savanna

Colaptes pitius - 27 131.5 Valdivian Temperate Rain Forests

Colaptes rubiginosus 1 - 70.0 Southern Andean Yungas

Trogons (Trogonidae)

Trogon surrucura - 14 67.1 Atlantic Forests

Trogon rufus 4 - 52.5 Atlantic Forests

Ovenbirds (Furnariidae)

Pygarrhichas albogularis - 152 235 Valdivian Temperate Rain Forests

TOTAL 25 1,384

We measured the cardinal orientations of the excavated
cavities in degrees, with different compass models (either
global or balanced for the Southern Hemisphere), without
magnetic declination correction. We used hand-held GPS
devices set at WGS84 to obtain the geographic coordinates
(in degrees) of each cavity. Elevation (meters above sea
level [m.a.s.l.]) was obtained using the same GPS devices,
topographic maps, or Google Earth. Mean weights for the
excavator species, a surrogate for body size, were obtained
from del Hoyo et al. (2018).

Data Processing and Analyses

We corrected cavity orientation considering the magnetic
declination (as per Evans 2017). We examined the effects of
latitude on cavity orientations with Bayesian projected normal
mixed-effects models that allowed the analysis of a circular

variable such as cavity orientation. The main purpose of these
models was to combine an explicit hypothesis test (i.e. test
for the importance of latitude in driving cavity orientation)
with exploratory analyses on additional variables with poten-
tial effects on the orientation patterns. All statistical analyses
were performed in R, PAUP* 4.0.0. (R Core Team 2020).

We investigated collinearity using pairwise correlations
between the explanatory variables considered (Zuur et al.
2009, Dormann et al. 2013). If two variables correlated at
>0.6, one was eliminated from further analyses. Therefore,
longitude was not included in analyses because of its
high correlation with latitude (Pearson's r = 0.6). After
this variable selection process, we built a full model using
the package bpnreg for circular data (Cremers 2018,
Cremers and Klugkist 2018) (codes in Supplementary
Material Appendix S2). We chose a non-informative prior

Ornithology 138:1-14, © 2021 American Ornithological Society
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FIGURE 1. Satellite image displaying the geographic distribution of studies of avian cavity excavators and their nest and roost sites in
12 ecoregions of South America, arranged southwards from ~15°S to ~55°S. Ecoregion names are provided in Table 1. Cavity orientation
patterns correspond to the top model (i.e. lowest AAIC ) in the multi-model selection procedure applied (see Supplementary Material
Appendix S3) and are summarized by symbols: white indicates uniform distributions, light blue indicates unimodal (one arrow)
orientations, and black indicates bimodal (two arrows) distributions.
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distribution for the parameters. In the full model we in-
cluded latitude, elevation, and species mean weight as
explanatory variables. Paired interactions between lati-
tude and the other two explanatory variables were also
considered. From this full model, we generated 10 different
mixed-effects models (including the intercept-only model)
where latitude was kept fixed, as recommended by Grueber
et al. (2011) when there is a particular factor of interest
(a “focal parameter”). These models were ranked by the
Watanabe-Akaike information criterion (WAIC), which
is suitable for selection of Bayesian hierarchical models
(Watanabe 2010, Gelman et al. 2014, Link and Sauer 2016,
Cremers and Klugkist 2018). The WAIC interpretation
is analogous to that of the Akaike Information Criterion
(AIC, Akaike 1973), where lower values indicate stronger
support. We followed Burnham and Anderson (2004) and
Burnham et al. (2011), considering models with a differ-
ence relative to the best model AAIC (or AWAIC) < 2 to
have substantial support, models with AAIC (or AWAIC)
between 2 and <7 to have considerably less support (but
should rarely be dismissed), and models with AAIC (or
AWAIC) > 7 to have little or no support. Ecoregion and
excavator species were included as random effects. But
as the bpnreg package only allows one random effect at a
time, we built two full models as previously explained, one
with ecoregion and one with the avian excavator species, as
the random effect, to select the best random structure. We
compared these two models with different random struc-
ture using the WAIC.

For the 3 continuous explanatory variables, we cal-
culated the 3 circular coefficients that describe the rela-
tionship between the circular variable (i.e. cavity entrance
orientation) and the predictor (e.g., latitude), because the
slope of this line (i.e. the effect of x) varies across values
of x. The first coefficient, b, represented the slope of the
circular regression line at the inflection point; the second
coefficient, SAM, represented the slope of the circular re-
gression line at the mean of the predictor, and the third co-
efficient, AS, represented the mean slope over all values of
x (Cremers and Klugkist 2018, Cremers et al. 2018). Finally,
for the model with the lowest WAIC, we calculated the
posterior mean and the highest posterior density interval
(HPD) of the circular coefficients, which was the smallest
interval that included 95% of the posterior distribution.
For each model simulation, Markov chain Monte Carlo
(MCMC) was run for 10,000 iterations, with a 1,000-it-
eration burn. We assessed convergence of the MCMC
chain for all parameters in the full model using a traceplot
(Cremers and Klugkist 2018).

Our description of the preferred direction(s) of cavity
entrances from excavator communities in different
ecoregions was based on a probability model selection
procedure developed to simultaneously examine mul-
tiple orientation hypotheses (Schnute and Groot 1992),
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implemented by Fitak and Johnsen (2017) into the R
package CircMLE (PAUP* 0.2.3.,, codes in Supplementary
Material, Appendix S2), which in turn required the
Circular package (Lund and Agostinelli 2017). Even weakly
oriented datasets may be detected using the approach in
CircMLE (Fitak and Johnsen 2017). For a given data set,
CircMLE calculates the maximum likelihood of several
alternative models of cavity entrance orientation; the cir-
cular distributions evaluated in this study included uni-
form, unimodal, and bimodal (axial and non-axial) models
(details in Supplementary Material, Appendix S3). These
models were compared using AIC_ for small sample sizes
(Hurvich and Tsai 1989, Burnham and Anderson 2004),
following the guidelines previously given for the Bayesian
models. We further used the Akaike weight (w), the proba-
bility that a particular model was the best (approximating)
model given the experimental data and the collection of
models considered. The ratio of the weight of model i vs.
weight of model j quantified the strength of evidence in
favor of model i over model j, whenever more than one
model was retained based on the AAIC_ (Burnham et al.
2011, Portet 2020).

Although rejection of non-uniformity may fail in
situations where the possible number of modes is >2 (i.e.
multimodal data, which is not considered in the CircMLE),
graphic analyses of the data allowed detecting patterns of
concentrations around >2 different modes. Regardless,
multimodal situations that do not visually differ from uni-
form, unimodal, or bimodal distributions may not be very
ecologically important.

RESULTS

We found 1,501 cavities, of which 1,409 could be assigned
to one of 25 avian species (Table 2). All species but one
(Lineated Woodpecker [Dryocopus lineatus]) were en-
demic to South America, and they varied in size from
the White-barred Piculet (Picumnus cirratus, ~10 g) to
the Magellanic Woodpecker (Campephilus magellanicus,
~340 g). Most cavities belonged to large-sized (>200 g,
n = 688), followed by small-sized (<100 g, n = 438) and
mid-sized (100-200 g, n = 281) species. Fifteen exca-
vator species had sufficient sample sizes (>9 cavities) to
be considered in the Bayesian models (Table 2). Cavities
(n = 25) of the other 10 species, along with 92 cavities that
could not be assigned to a species (Supplementary Material
Appendix S1), were used only for exploring the underlying
angular cavity distribution at each ecoregion.

Our analyses based on the Bayesian projected normal
mixed-effects models suggest that latitude, eleva-
tion, and mean weight of excavator species were poor
predictors of cavity entrance orientation. Models with ec-
oregion (WAIC = 5080.08) and with excavator species
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(WAIC = 5081.23) as the random factor were similarly
supported. However, for simplicity, we present the results
from the model with the lowest WAIC here (Tables 3 and
4), while results from the other model sets are presented
as Supplementary Material Appendix S4. All models with
ecoregion as the random variable had AWAIC <7, and in-
cluded the intercept-only model, suggesting that none
of the variables included in these models was useful in
explaining the variability in the cavity entrance orienta-
tion. The lowest WAIC model differed by only 0.84 WAIC
from the null model, and included latitude, elevation, spe-
cies mean weight, and two interactions: latitude and eleva-
tion, and latitude and species mean weight, as explanatory
variables. For this model, the posterior mean of the inter-
cept variance on the circle was estimated at 0.75, and its
HPD interval was 0.40-0.99. The HPD intervals for the 3
circular coefficients (bc, SAM, and AS) for latitude and the
other variables in this model included zero (Table 4). Thus,
we did not find evidence that any of the variables in the top
model influenced cavity entrance orientation at the inflec-
tion point, at mean latitude, elevation or species weight, or
on average across latitudes, elevations, and species weights.

Results for the Bayesian circular models constructed with
excavator species as the random factor were similar to the
results just presented for ecoregion as the random factor
(Supplementary Material Appendix S4), with the null model in-
cluded among those with AWAIC < 7. Moreover, the estimated
parameters for the variables included in the top model were
similar to those of the top model with ecoregion as the random
factor, where the HPD intervals always included zero.

Based on our evaluation of cavity entrances from exca-
vator communities using the approach in CircMLE, the
best approximating model (i.e. top model, with lowest
AIC) corresponded to uniform orientations in three
ecoregions, unimodal orientations in four ecoregions, and
bimodal orientations in the remaining 5 ecoregions, with
3 axial and 2 non-axial top distributions (Supplementary
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Material Appendix S3, Table 1, Figure 1). In 4 ecoregions
(in italic in Table 1), the ratio between w, values of the top
and following model was <2.5, which means that the top
model was not much better than the next best model (AIC_
w, values are shown in Supplementary Material Appendix
S3). This entails uncertainty regarding the circular distri-
bution of the data, as the alternatives lead to very different
orientation patterns (see Symonds and Moussalli 2011). In
contrast, 4 ecoregions (in bold in Table 1) showed rather
unequivocal orientation patterns (i.e. top model AIC_w, >
0.7), meaning that there is at least a 70% chance that it truly
is the best approximating model describing the data given
the candidate set of orientations considered. Between these
extremes, the strength of evidence in favor of the top model
was reasonably high (i.e. the ratio between AAICc w, of the
top and following model(s) >2.5) in 4 other ecoregions,
such that a single most probable model (2 bimodal and 2
unimodal orientation patterns) can be defined.

Graphical analyses of the distributional histograms in
Supplementary Material Appendix S3 do not provide ev-
idence of tight concentrations around >2different modes
(i.e. multimodality). Interestingly, directional data voids
(i.e. potential avoidance of certain orientation ranges),
which will not be detected by analytical tools (including
our multi-model approach), appear to occur at least in the
Magellanic Subpolar Forests (fewer SW-oriented cavities
than those in all other directional twelfths), and the
Southern Espinal (zero NW-oriented cavities).

DISCUSSION

Southern Predictions for the “Solar Radiation
Advantage” Hypothesis

We found no evidence to support the hypothesis that
birds orient their cavities more toward the equator with
increasing latitude—or away from sun incidence at low lat-
itudes—in the Southern Hemisphere. Our result contrasts

TABLE 3. Bayesian projected normal circular mixed-effects models that test for the effects of latitude, elevation, species mean
weight, and the interactions between latitude and the other two explanatory variables on cavity orientation of South American avian
excavators where ecoregion is a random factor. Models are ordered from lowest to highest Watanabe-Akaike information criterion
(WAIC, Watanabe 2010). The log pointwise predictive density (Ippd, the log-likelihood evaluated at the posterior simulations of the
parameter values) and the effective number of parameters (pD, a measure of model complexity computed according to Gelman et al.

2014) are provided (Hooten and Hobbs 2015, Vehtari et al. 2017).

Model Ippd pD WAIC AWAIC
Latitude + Elevation + Weight + Latitude * Elevation + Latitude * Weight -2520.14 18.79 5077.85 0.00
Latitude + Weight + Latitude * Weight -2528.68 10.26 5077.88 0.03
Latitude + Elevation + Weight + Latitude * Weight -2525.67 13.51 5078.36 0.51
Null model -2528.19 2.00 5078.69 0.84
Latitude + Elevation -2526.11 13.88 5079.99 2.14
Latitude + Elevation + Weight + Latitude * Elevation -2520.53 19.76 5080.59 2.74
Latitude —-2530.01 10.51 5081.03 3.18
Latitude + Elevation + Latitude * Elevation -2525.48 15.30 5081.57 3.72
Latitude + Elevation + Weight -2523.13 18.16 5082.58 473
Latitude + Weight -2529.05 12.84 5083.77 5.92
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TABLE 4. Posterior modes of the circular regression coefficients for the variables included in the lowest WAIC model (see Table 3),
where b_is the slope of the circular regression line at the inflection point, SAM is the slope of the circular regression line at the average
of the predictor, and AS is the average slope over all values of the each predictor variable. LB HPD and UB HPD indicate the lowest and
the upper bounds of the highest posterior density interval of the coefficients, respectively (Cremers and Klugkist 2018).

Mode LBHPD UB HPD

Latitude b, 5.73 -277.25 201.31
SAM 2.62 -56.21 86.04

AS -6.25 -81.48 82.73

Elevation b, -0.06 -3.29 3.40
SAM -0.05 -1.37 1.06

AS -0.05 -0.80 0.37

Species mean weight b, 0.16 -22.99 22.05
SAM 0.17 -4.85 5.77

AS 0.13 -6.06 5.64

Latitude * Elevation b, -0.006 -0.68 0.50
SAM -0.003 -0.21 0.20

AS 0.003 -0.08 0.1

Latitude * Species mean weight b, -0.03 -1.86 1.74
SAM -0.02 -0.81 0.84

AS -0.02 -1.15 1.47

with the “global” pattern shown by Landler et al. (2014) for
the Northern Hemisphere, whereby more northerly cavities
were more often oriented toward the south. Although
the additional macroecological factors assessed in our
Bayesian models frequently influence nest orientation in
birds in other studies (Zwartjes and Nordell 1998, Hansell
2000, Deeming 2002, Burton 2006, 2007, Mainwaring et al.
2017), they were not good predictors of cavity orientation
in South America. Elevation was a promising candidate
co-driver of cavity orientation, as many animals exhibit mi-
crohabitat adjustments in response to elevation (e.g., Carey
1980, Zerba and Morton 1983, Walsberg 1985, Carothers
et al. 1998, McCaffrey and Galen 2011), but it did not affect
cavity orientations in our study.

Unexpectedly, cavity entrances were not oriented
unimodally at our latitudinal extremes. Our northern-
most study, in the tropical Cerrado, was more than 10°
closer to the equator than the southernmost study (i.e.
Zwartjes and Nordell 1998) analyzed by Landler et al
(2014). We had predicted that this site would exhibit an
avoidance of solar radiation. Instead, cavity entrances
aligned uniformly, with high model support (top model
AIC_w, = 0.7, Supplementary Material Appendix S3). In
turn, cavities located at the southernmost site (Magellanic
Subpolar Forests) oriented strongly bimodally, a pat-
tern with the highest support (top model AICc w, > 0.9,
Supplementary Material Appendix S3). Only two other
ecoregions had strongly supported orientation patterns
of cavity entrances: the Humid Chaco (uniform), and the
High Monte (unimodal). Hence, departing from patterns
described for the Northern Hemisphere (as per Landler
et al. 2014), unimodal orientation of cavity entrance was
rare among South American avian excavators.

The poor support for latitude as a driver of cavity en-
trance alignment in our study may be explained, totally
or in part, by continental effects, as proposed by Landler
et al. (2014) for excavators in the Northern Hemisphere.
In South America, the relationship between land mass and
latitude is inverse to that of Palearctic and Nearctic re-
gions, and hence, oceanic influence increases with latitude
(Berman et al. 2012). In the Southern Hemisphere, seasonal
cycles revolve around the presence and absence of precip-
itation and prevailing winds, rather than major swings in
temperature that characterize seasonality in the Northern
Hemisphere (Stevens 2012); an exception occurs at the
narrow forest strip east of the Andes of north Patagonia,
where the moderating influence of the Pacific Ocean has
little effect because the high Andes mountains act as a bar-
rier. Moving southwards, the land mass narrows, and the
Andes lose elevation, so the oceanic influence on climate
gets stronger, and may moderate the effects of temperature
declines as latitude increases, reducing the advantage for
southern birds to excavate north-facing cavities (Berman
et al. 2012). In fact, avian populations from islands located
south of continental Patagonia (Cape Horn region) show re-
productive, foraging, and migratory behaviors that depart
from those exhibited by the same species at more northern
latitudes, attributed to oceanic influences (Humphrey et al.
1970, Rozzi and Jiménez 2014).

Although we acknowledged the potential weight of
this inverse continental effect, we did not include conti-
nental effect as part of our Bayesian analyses because it is
a complex mix of interacting factors such as temperature,
precipitation, cloudiness, atmospheric pressure, and to-
pography; oversimplistic approaches may lead to flawed
quantifications (Mikolaskova 2009). Unlike Landler et al.
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(2014), we did not have 2 contrasting scenarios to com-
pare the relative effect of continental effects on the ori-
entation of cavity entrances in the Southern Hemisphere.
We had hoped to include data from the austral portion
of Africa (15°S—34°S) but this region represents a major
information gap for cavity-nesting birds (van der Hoek
et al. 2017) and we failed to find adequate data for our
purposes. In turn, Australia and New Zealand have very
few avian excavators. Because of these difficulties and
limitations, testing of the effects of macroecological
variables as it relates to orientation (and other life-history
traits) of Southern Hemisphere avian excavators remains
limited.

Preferred Direction(s) of Cavity Entrances Among
South American Avian Excavators
Similar to the findings of Landler et al. (2014) for the
Northern Hemisphere, cavity-entrance orientation was
mostly “nonrandom” in South America. In our model
approach, the probability that uniform distributions
explained the observed structure of the data was very small
(uniform model weight < 30%) in 8 ecoregions, and only
the Cerrado and Humid Chaco showed uniformly oriented
cavities unequivocally (i.e. with strong model support). But
unlike the Northern Hemisphere patterns, unidirectional
orientations were not consistent among ecoregions.
Bimodal distributions were most common, either as
the top selected model (5 ecoregions) or as a second
well-supported alternative (1 ecoregion). Bimodally
oriented cavities received the highest model support in
the Magellanic Subpolar Forests, while moderate to high
support was obtained for top bimodal models in the Dry
Chaco and Humid Pampas. Weak support was obtained by
bimodal top models in the Atlantic Forest and Valdivian
Temperate Rain Forests. In turn, cavity orientation in the
Southern Espinal may be either unimodal (top model)
or bimodal, based on their almost equal model weights.
The widespread bimodality suggests that cavity orienta-
tion in South America may be driven by factors beyond
latitude, operating at regional or local scales. For example,
at our southernmost sites, birds may face a tradeoff be-
tween gaining direct solar radiation and avoiding wind.
In Patagonia, for example, wind brings rain and snow and
may strongly reduce cavity temperatures. Several studies
have found that birds orient their nests opposite to the pre-
dominant wind direction (Ricklefs and Hainsworth 1969,
Conner 1975, Schaefer 1980, Facemire et al. 1990, Norment
1993, Mezquida 2004). From about 36°S (mid-Argentina
and Chile) southwards, strong, consistent WNW winds
(westerlies) cause a characteristic wind-chill (Paruelo
et al. 1998); calm winds seldom occur in austral spring and
summer (Beltran 1997) when most birds breed. Notably,
the southernmost ecoregion (Magellanic Subpolar Forests)
showed a bimodal cavity orientation that included north
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and south alternatives. So, even where oceanic influence
on climate is at a maximum, a versatile (i.e. bimodal) pat-
tern of cavity orientation may be the best adaptive re-
sponse to climatic conditions. Interpreting the results for
the Valdivian Temperate Rain Forests (the ecoregion with
the largest sample size, and second coldest climate), is dif-
ficult, as 2 bimodal, 1 unimodal (easterly oriented), and
uniform distributions were supported. However, the top,
non-axial bimodal model was closely followed by an axial
bimodal option, both with very similar mean directions
(¢p1~N and $p2~S; see Supplementary Material Appendix
S3), also including north and south alternatives. As data
were collected from mountainous terrain on both sides of
the Andes, topography, wind direction in the valleys, and
other local variables may have led to idiosyncratic orien-
tation patterns. On the other hand, the western (Chilean)
Andean slopes have high oceanic influence, which is ab-
sent on the much harsher eastern (Argentinean) slopes,
perhaps leading to heterogeneity in the data.

In the High Monte and Southern Andean Yungas the
cavity entrances oriented unimodally to the west, a con-
fusing result in a climatic context. The westerly cavity ori-
entation in these ecoregions seems paradoxical given the
intense solar radiation in the afternoon at these low lati-
tude subtropical sites. Wind or other topographic variables
may be more important in explaining the patterns in ori-
entation. The northerly dominant orientations in the
Northern Espinal also seem weakly advantageous for an
extremely dry and warm area, but the support for the top
model was moderate (55%), thus more data may be needed
to define the orientation patterns in this ecoregion. The
Southern Espinal was unimodal (ESE) based on the top
model, but a bimodal option (non-axial SSW—NE) had ap-
proximately the same weight (differing by mere decimals),
as already explained; therefore, uncertainty in the orien-
tation patterns is extremely high for this ecoregion. The
Southern Espinal shows the highest inter-seasonal mean
temperature variation among the ecoregions analyzed
(16°C, Table 1), approaching a “high continentality” class
(McBoyle and Steiner 1972). Hence, southerly oriented
cavities may be advantageous during the nesting season
(spring and summer), when direct solar radiation may
accentuate hyperthermic conditions, but likely not for
roosting during the winter (mean temperature < 8°C),
when northeasterly oriented cavities may be more suitable.
Seasonal shifts in the mean orientations of cavities used by
woodpecker populations have been documented elsewhere
(Inouye et al. 1981, Korol and Hutto 1984, Parks et al. 1996,
Lammertink 2011). Information on the nesting habits of
avian excavators in the Neotropics is still very prelimi-
nary for most species, and much poorer on roosting than
nesting habits. Our own data exemplifies this bias: slightly
over two thirds of our cavities were located while being
used as nests, and the rest were found after construction,
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with uncertain use/function. Very infrequently (<10% of
all cavities), researchers confirmed a roost function for
cavities.

Considering the lack of evidence for large-scale (i.e.
continental) patterns of cavity orientation in South
America, local factors (micro- and meso-habitat) may
play a dominant role in cavity orientation and may differ
among and within the ecoregions studied. In forested
areas, cavity microclimate may be affected more by forest
structure than by cavity orientation. Under vegetation
cover, cavity microclimate was relatively independent of
orientation in several studies (Maziarz and Wesotowski
2013, van der Hoek 2017). A recent study of the dome-
shaped clay nests of the Rufous Hornero (Furnarius
rufus), which occurs within much of our study area,
showed that nests were oriented south (i.e. to avoid ex-
cessive heat) only when uncovered (or poorly covered),
suggesting that vegetation cover releases the selection of
nest orientation from the pressure imposed by solar ra-
diation (Schaaf et al. 2018). Thick and living cavity walls
also can buffer temperatures, and social factors, access
to foraging areas, and substrate properties may also af-
fect cavity orientation (Jackson and Jackson 2004), but
have not been studied in South America.

Evidence suggests that excavators select wood with
a specific hardness profile, and such substrates may
be in short supply (Schepps et al. 1999, Losin et al.
2006, Matsuoka 2008, Jusino et al. 2015, Lorenz et al.
2015). Where excavators are limited by the availability
of suitable nest substrates, cavity orientation may be
constrained by the availability of suitably decayed wood,
regardless of preferred microclimate. The role of wood
hardness in nest-site selection has not been studied in
South America and is an important avenue for future
research.

Under a multi-model approach, only some South
American excavator communities showed clear orien-
tation patterns, while other communities (including
ecoregions with large sample sizes) showed mod-
erate to high levels of uncertainty in entrance orienta-
tion preferences, with at least two valid options. These
overlapping patterns suggest that the circular alignment
of cavity entrances, forged as an adaptive response to
the environment, may be a more complex aspect of life
history than previously considered. In this case, more
precise descriptions of the unclear patterns are needed
by obtaining additional data considering aspects such
as cavity function, seasonal use, etc. Alternatively, dis-
order in several patterns is also consistent with the idea
that cavity entrance orientation is of minor adaptive im-
portance for many South American avian excavators.
As the Neotropics hold the highest global richness of
tree-excavator species (>130; van der Hoek et al. 2017)
of which our study addresses <20%, it is possible that
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entrance orientation is important in the ecology of some,
but not all, austral excavators.

Conclusions and Perspectives

The contrast between our results from the Southern
Hemisphere and those from previous work on cavity ori-
entation in the Northern Hemisphere illustrates the im-
portance of including data from both hemispheres when
inferring global latitudinal patterns. Our study explores
avian nest cavity orientation across several South American
ecoregions, and we did not find evidence for consistent
latitudinal patterns. Data from additional Southern
Hemisphere ecoregions and species might reveal a pattern
where cavity entrance orientation is non-random. Future
studies should include larger, more balanced samples (re-
garding species and ecoregions), distinguish between nest
and roost cavities, consider seasonality in cavity use, and
ideally include direct measurements at local scales, such
as substrate availability and cavity microclimate, as well as
predictors of cavity temperature (e.g., nest-plant structure;
diameter of the trunk at cavity height). These guidelines
are applicable worldwide, as many studies from both
hemispheres omit these important aspects of avian exca-
vator life history.

We also suggest a revision of the broad-scale patterns
of Northern Hemisphere cavity orientations. Our finding
that cavity direction showed multimodal distributions
in many South American ecoregions suggests that mul-
timodal distributions may be more prevalent than pre-
viously acknowledged, and likely occur in many of the
studies excluded from Landler et al.'s (2014) meta-analysis
of the effects of latitude on cavity orientation. Along with
non-unimodal distributional patterns of angular data,
higher levels of uncertainty are also likely to arise among
Northern Hemisphere avian excavator populations if a
multimodal approach is applied, instead of the frequentist-
based statistical tests that have been traditionally used
with circular biological data (see Fitak and Johnsen 2017).
Hypothesis testing, for example, the Hermans-Rasson test,
which proved powerful in both unimodal and bimodal
situations, can be applied to determine the probability of
uniformity (Landler et al. 2019); but if rejected (P < 0.05),
nothing else is known about the data. An alternative ap-
proach that considers a collection of models designed to
explore different working hypotheses and selecting the best
model in that collection, may reveal subtle, overlooked and
parallel/competing patterns in the data, which may alert
researchers of alternative drivers of ecological patterns.

Working at a relatively small north—south study area in
temperate North America, Butcher et al. (2002) found a sig-
nificant correlation between the north—south aspect of ori-
entation and the number of hours of direct sunlight received
at the nest site, which resulted in an unclear pattern for the
overall angular distribution of the cavity data. This example
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shows that cavity orientation still may be related to thermo-
regulatory needs, even where circular distributions do not
show unimodal orientations, and that the research on cavity
orientation in excavator populations should ideally integrate
multiple scales of analysis. In summary, emphasis is needed
on directional trends beyond unimodality, better exploratory
techniques to describe orientation patterns, and a multiscale
approach that attempts to enrich our understanding of cavity
orientation by avian excavators.
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