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abstract: Ecogeographic rules provide a frameworkwithin which
to test evolutionary hypotheses of adaptation. Gloger’s rule predicts
that endothermic animals should have darker colors in warm/rainy
climates. This rule also predicts that animals should be more rufous
in warm/dry climates, the so-called complex Gloger’s rule. Empiri-
cal studies frequently demonstrate that animals are darker in cool/
wet climates rather than in warm/wet climates. Furthermore, sen-
sory ecology predicts that, to enhance crypsis, animals should be
darker in darker light environments. We aimed to disentangle the
effects of climate and light environments on plumage color in the
large Neotropical passerine family Furnariidae.We found that birds
in cooler and rainier climates had darker plumage even after con-
trolling for habitat type. Birds in darker habitats had darker plumage
even after controlling for climate. The effects of temperature and
precipitation interact so that the negative effect of precipitation on
brightness is strongest in cool temperatures. Finally, birds tended
to be more rufous in warm/dry habitats but also, surprisingly, in
cool/wet locales. We suggest that Gloger’s rule results from comple-
mentary selective pressures arising from myriad ecological factors,
including crypsis, thermoregulation, parasite deterrence, and resis-
tance to feather abrasion.

Keywords: Gloger’s rule, light environments, Furnariidae, colora-
tion, melanin, thermal melanism.

Ecogeographic rules describe correlations between organis-
mal phenotypes and features of their environment. Their
repeated observation across taxa and space is prima facie
evidence that they are driven by common selective pres-
sures (Mayr 1963; James 1991;VanderWerf 2012). Gloger’s
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rule (Rensch 1929) is a long-standing ecogeographic rule
describing correlations between the colors of mammals
and birds and the climatic conditions they occupy. In its
simplest version (Delhey 2017, 2019; Marcondes et al.
2020b), the rule states that animals tend to be darker in
warm/rainy climates and brighter in cool/dry climates.
The prediction that animals should be darker in rainier

climates has received widespread support in intraspecific
(e.g., Burtt and Ichida 2004; Patten et al. 2004; Amar et al.
2014; Romano et al. 2019; Marcondes et al. 2020b) and in-
terspecific (e.g., Kamilar and Bradley 2011; Delhey 2018;
Stanchak and Santana 2018; Delhey et al. 2019; Miller
et al. 2019; Cerezer et al. 2020) empirical studies (reviewed
in Delhey 2019). In contrast, the prediction that animals
should be darker in warmer climates has rarely been sup-
ported (reviewed in Delhey 2019). More often, it has been
found that populations inhabiting warmer climates tend
to be brighter than their counterparts from cooler locales
(e.g., Rising et al. 2009; Amar et al. 2014; Delhey et al.
2019; Miller et al. 2019; Dufour et al. 2020; Marcondes
et al. 2020b). This pattern has been dubbed Bogert’s rule
or the thermal melanism hypothesis and is often attrib-
uted to thermoregulatory advantages (Clusella Trullas
et al. 2007; Rising et al. 2009; Delhey 2019).
Apart from climate, another major ecological axis to

consider when investigating correlates of variation in ani-
mal color, particularly brightness, is habitat type, or light
environment. Endler (1993) predicted that, to enhance
crypsis, animals inhabiting dark light environments (e.g.,
the interior of dense forests) should be darker than those
inhabiting open areas with bright ambient light (e.g., non-
forest habitats), a prediction that has received wide sup-
port from comparative studies on birds (McNaught and
Owens 2002; Gomez and Théry 2004; Dunn et al. 2015;
Hernández-Palma 2016;Maia et al. 2016; Shultz and Burns
2017; Marcondes and Brumfield 2019). However, the joint
effects of light environment and climate on color variation
have yet to be tested. The relative roles of climate, light
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environment, and their interaction on color variation re-
main enigmatic.
A further poorly studied aspect of Gloger’s rule (here-

after, simply “Gloger’s”) is its so-called complex version
(Delhey 2017, 2019; Marcondes et al. 2020b). Whereas the
simple versionofGloger’smakes predictions relating toover-
all melanin content, its complex version makes predictions
about the ratio of pheomelanins to eumelanins. Eumelanins
confer black and gray colors, and pheomelanins confer
brown and rufous colors (Galván and Wakamatsu 2016).
Complex Gloger’s predicts that eumelanins prevail in
warm/humid climates and pheomelanins prevail in warm/
dry climates, so that animals tend to be gray or black in the
former and brown or rufous in the latter (Delhey 2017,
2019; Marcondes et al. 2020b). This version of Gloger’s has
historically received little attention (but see Roulin and
Randin 2015) until it was revived by Delhey (2017, 2019).
It was recently tested by Marcondes et al. (2020b), who
found clear support for it at the intraspecific level in
Thamnophilus caerulescens (Passeriformes: Thamnophi-
lidae). Noting that drier areas tend to have redder soils
(Brady et al. 2008; Donald et al. 2017) and browner, sparser
vegetation, Marcondes et al. (2020b) suggested background
matching as a tentative adaptive explanation for complex
Gloger’s.
The present study represents, to the best of our knowl-

edge, the first study to jointly analyze plumage color var-
iation in relation to both climate and light environments
within the same modeling framework. It is also the first
interspecific phylogenetic test of complex Gloger’s. We
investigate the effects of climate and light environment
on plumage brightness (a proxy for overall melanin con-
tent) and redness (a proxy for relative pheomelanin con-
tent) of the Neotropical endemic passerine family Furna-
riidae (the woodcreepers, ovenbirds, foliage gleaners, and
allies). This family is well suited for this work because
(1) furnariids are found at extremes of both precipitation
and temperature, from the warm and rainy Amazonian rain
forests to warm and arid Chaco savannas and from cool
and dry high-elevation puna grasslands to cool and rainy
Andean cloud forests (Remsen 2003; Brumfield 2012);
(2) furnariids occupy every Neotropical terrestrial biome
and habitat type, including a large variety of light environ-
ments (Remsen 2003; Brumfield 2012); and (3) furnariids
are festooned almost exclusively in countless shades of
brown and rufous (Remsen 2003) that, while quite vari-
able, are presumably all melanin based and generated by
variation in eumelanin and pheomelanin content (for the
few exceptions, see Thomas et al. 2014 ). For example, fur-
nariid colors range from light and creamy brown in the
puna- and desert-inhabiting Ochetorhynchus earthcreep-
ers to dark and rich brown in some species of tropical rain
forest–dwelling Xiphorhynchus woodcreepers.
If Gloger’s is driven primarily by climate, then we pre-
dict that species inhabiting warm/rainy climatic regimes
are darker than those from cool/dry regimes, regardless of
their habitat preference. In contrast, if Gloger’s is mainly
a result of birds adapting to be darker in darker (forest)
habitats, then we predict that bird species occupying forest
habitats are darker than their non-forest-based relatives,
even if they inhabit similar climatic regimes. Marcondes
and Brumfield (2019) previously demonstrated that furna-
riids have evolved to be darker in darker habitats, consis-
tent with Endler’s (1993) predictions for crypsis, but the
analyses did not include the effects of climatic variables on
brightness. Testing for complex Gloger’s, we further pre-
dict that species occupying warm/dry climates should be
colored in richer, more reddish-brown tones than those
from cool/rainy climates (Delhey 2017, 2019; Marcondes
et al. 2020b).
Methods

Color Data

We used the color data set previously described in Mar-
condes and Brumfield (2019), which has been deposited
in the Dryad Digital Repository (https://doi.org/10.5061
/dryad.s86434s; Marcondes and Brumfield 2021). Briefly,
this data set includes reflectance data for 250 (84%) fur-
nariid species, with an average of 6.4 specimens per species
(range: 1–8). For each specimen, this data set includes re-
flectance spectra from seven plumage patches divided into
a dorsal (crown, back, rump, and tail) and a ventral (belly,
breast, and belly) set. We calculated plumage brightness in
the R package pavo (Maia et al. 2013, 2019) as the mean
percent reflectance over the 300–700-nm spectral range.
We calculated redness as the slope of the regression of per-
cent reflectance on wavelength, a parameter that is posi-
tively correlated with pheomelanin content (Galván and
Wakamatsu 2016). We follow Marcondes et al. (2020b)
in referring to this variable as “redness,” although we note
that no furnariids display highly chromatic red colors typ-
ically produced by carotenoid pigments. Even the “red-
dest” furnariid would be referred to in lay language at most
as “rich brown” or “reddish brown” (e.g., Synallaxis kollari
and Megaxenops parnaguae). We calculated brightness
and redness for each specimen in our data set and then av-
eraged them across specimens to obtain mean species-level
values. Because the Furnariidae are sexually monochro-
matic with no evidence of cryptic sexual dichromatism
(Remsen 2003; Tobias et al. 2012; Diniz et al. 2016; Mar-
condes and Brumfield 2019), we considered the sexes to-
gether in our analyses. Our color data set for downstream
analyses thus consisted of 14 variables: mean species-level
brightness and redness for each of seven plumage patches.
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Habitat and Climatic Data

We used Marcondes and Brumfield’s (2019) categoriza-
tion scheme of habitat types, which is based on Endler’s
(1993) discussion of natural light environments. In brief,
each of the 250 furnariid species we analyzed was as-
signed to one habitat type, in decreasing order of ambient
light intensity: nonforest, intermediate, and forest. The for-
est category includes only species that occupy the dimly lit
middle and lower strata of rain forests; we assigned canopy
and edge species to the intermediate category because these
areas are more intensely illuminated than the forest inte-
rior (Endler 1993; Marcondes and Brumfield 2019).
To obtain climatic data for each furnariid species, we

used the georeferenced locality records data set of See-
holzer et al. (2017). This extensively vetted data set con-
tains 23,588 occurrence records (average p 70.4 records/
species) gathered from museum specimens, audio record-
ings, and observational records. For each locality, we ob-
tained mean annual temperature andmean annual precip-
itation from the BioClim database (Hijmans et al. 2005),
and for each species, we took the median of temperature
and precipitation across all its occurrence localities. Be-
cause of their different magnitudes and units (7C for tem-
perature and mm/yr for precipitation), we scaled each cli-
matic variable to have amean of 0 and a standard deviation
of 1 before fitting any statistical models (see below). The
Furnariidae occurrence and climatic data have been depos-
ited in the Dryad Digital Repository (https://doi.org/10
.5061/dryad.cnp5hqc3d; Marcondes et al. 2020a)
Statistical Analyses

To test our hypotheses regarding the effects of climate
and habitat on plumage brightness in the Furnariidae,
we fitted a series of phylogenetic Bayesian multilevel lin-
ear models using the modeling software Stan (Carpenter
et al. 2017) as implemented in the R library brms (Bürk-
ner 2017). This Bayesian multilevel model framework
allowed us to fit linear models with multiple predictor
variables (Gelman 2006; McElreath 2016), use regularizing
priors that minimize false discovery (Gelman and Tuer-
linckx 2000; Gelman et al. 2012), and include group-level
effects that incorporate the error from the statistical non-
independence of species data due to shared phylogenetic
history (de Villemereuil and Nakagawa 2014; Bürkner
2017). Our models include redness and brightness of each
plumage patch as response variables, climate and habitat
data as population-level predictor variables, and the phy-
logenetic correlation matrix—a species-level matrix of
scaled phylogenetic branch lengths from the phylogeny
of Harvey et al. (2020)—as a single group-level predictor
(de Villemereuil et al. 2012; Bürkner 2017).
We first tested the hypothesis that brightness and red-
ness are primarily driven by climate. Under this hypoth-
esis, we expect that species occupying warm/wet locales
will be darker than those from cool/dry locales and that
species from warm/dry locales will have a richer, redder
color than those from cool/rainy climates, regardless of
light environment (Rensch 1929; Delhey 2017, 2019).
We fitted seven phylogenetic multivariate linear regres-
sion models for brightness—one per plumage patch—
and seven for redness (table 1). Model 1 estimates the effect
of precipitation, temperature, and the interaction parame-
ter of precipitation and temperature on brightness or red-
ness. Because redness and brightness are calculated from
the same spectral curve, these variables may not be inde-
pendent. We accounted for this correlation by including
redness as a predictor in the brightness models, and vice
versa (see table 1). Each of themodels included four chains
run for 10,000 generations with 5,000 generations of warm-
up and 5,000 chains of sampling. We assessed chain con-
vergence using the Gelman-Rubin diagnostic R̂, and we
assessed chain efficiency using effective sample size (ESS).
Values of R̂ ! 1:01 and ESS 1 400 (100 per chain) repre-
sent acceptable convergence and mixing in Stan (Stan De-
velopment Team 2018).
We also tested the hypothesis that plumage brightness

and redness are dependent on light environments regard-
less of climatic variables. Under this hypothesis, we ex-
pect species occupying forest habitats to be darker than
those inhabiting nonforest habitats, even if the nonforest
species are in warmer/rainier climates. Specifically, we
separated the effects of habitat from the effects of cli-
mate by fitting a phylogenetic multiple regression model
with brightness or redness as our response and tem-
perature, precipitation, and the categorical habitat as pre-
dictor variables (model 2; table 1). As in model 1, we
included our phylogenetic correlation matrix as a group-
level effect. Model 2 generates three population-level out-
comes: (1) the effect of precipitation on plumage brightness
or redness, conditioned on the influence of temperature,
habitat, and phylogeny; (2) the effect of temperature on
plumage brightness or redness, conditioned on precipita-
tion, habitat, and phylogeny; and (3) a posterior distribu-
tion of the mean plumage brightness or redness value of
each light environment, conditioned on the phylogenetic
relationships and the effects of precipitation and temper-
ature. To determine whether plumage color values differ
between light environments, we calculated the difference
between each habitat’s brightness and redness estimates
(i.e., contrasts [nonforest-intermediate, nonforest-forest,
intermediate-forest]; Kruschke 2013; McElreath 2016; Roy-
croft et al. 2019) using the compare_levels function in the
R library tidybayes (Kay 2020). If ≥95%of the difference dis-
tribution does not overlap zero, then we can confidently say
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that plumage differs between those habitats. As in model 1,
we used regularizing priors, fitted all models in a single
multivariate model framework, ran four chains of 10,000
generations, and checked for convergence with R̂ and ESS.
As a null model, we also fitted intercept-only phyloge-

netic multilevel models for each patch’s brightness and
richness (model 3; table 1). These models have no predic-
tor variables and only estimate the intercept of the group-
level effect, in our case the phylogenetic correlation ma-
trix. Comparing with the null model allowed us to verify
that precipitation, temperature, and habitat improved the
predictive ability of our models rather than phylogeny
alone explaining differences in brightness and richness.
Model comparison also allowed us to assess whether the
climate interaction model or the climate and habitat
model was a better predictor of our brightness data. We
performed model comparison of our three models using
the difference in expected log predictive density (ELPD)
from the Watanabe-Akaike information criteria (WAIC;
Watanabe 2010) using the waic() function in the R pack-
age loo (Vehtari et al 2018). WAIC is recommended as an
appropriate choice for Bayesian linear modeling (Gelman
et al. 2013).
Results

All Bayesian multilevel models converged properly, and
all parameters had R̂ ! 1:01 and ESS 1 2,000. Results of
model 1 showed a strong negative effect of precipitation on
brightness in all dorsal patches (table 2; fig. 1), indicating
that as precipitation increases, dorsal plumage gets darker,
as predicted by Gloger’s. Model 1 also showed a strong
positive effect of temperature on crown, back, rump, and
breast brightness (table 2; fig. 1), demonstrating that as tem-
perature increases, plumage gets brighter, contra Gloger’s
but consistent with Bogert’s rule. Precipitation had no ef-
fect on the redness of any plumage patch, and temperature
had a positive effect only on tail redness (table 2; figs. 1, S1;
figs. S1, S2 are available online).
We found a positive interaction between temperature
and precipitation on crown, back, and rump brightness.
This interaction means that precipitation has a stronger
negative effect on brightness in colder temperatures than
in warmer temperatures (table 2; figs. 1, 2, S1, S2). In
other words, the precipitation component of Gloger’s
is more notable in species living in cool habitats than
species living in warm habitats. Our findings for redness
are similar but opposite: we found a negative interaction
between temperature and precipitation on back, rump,
and tail redness. These interactions demonstrate that pre-
cipitation has a more positive effect on redness in colder
temperatures than in warmer temperatures. This interac-
tion is especially strong on back and rump redness, enough
to change the direction of the effect of precipitation on
redness from negative to positive depending on the tem-
perature (fig. 1C).
Model 2 estimated the posterior distributions of mean

plumage brightness for each habitat, conditioned on phy-
logenetic effects and climatic variables (table 3; fig. 3). We
found that birds living in nonforest habitats have brighter
backs, rumps, throats, breasts, and bellies than birds in for-
est or intermediate habitats (fig. 3). Birds in forest and in-
termediate habitats have similar brightness in all patches
except the back, where intermediate species’ brightness lies
between nonforest and forest species (fig. 3).
Redness differed far less between habitats than bright-

ness. Only in the back were forest and intermediate birds
redder than nonforest birds (fig. 3). In addition, birds in
intermediate habitats had redder rumps and tails than ei-
ther forest or nonforest birds. Ventral redness did not re-
liably differ between habitats.
We used the ELPD scores of theWAIC analysis to com-

pare models 1 and 2 with the null model. We found that
models 1 and 2 predicted plumage brightness and redness
better than the null model for all patches (table S1, avail-
able online). Model 1, which did not include habitat, better
predicted rump, throat, and breast brightness, whilemodel 2
better predicted crown and tail brightness. Model 1 better
Table 1: Descriptive summary of our models 1, 2, and 3 demonstrating the role of redness and brightness as response variables,
climate and habitat as predictors, and the phylogenetic covariance matrix as the group-level predictor
Model
 Response
 Population-level predictors
 Group-level predictor
Brightness models 1
 Patch brightness
 Temperature, precipitation, temperature#
precipitation, redness
Phylogenetic covariance matrix
Redness models 1
 Patch redness
 Temperature, precipitation, temperature#
precipitation, brightness
Phylogenetic covariance matrix
Brightness models 2
 Patch brightness
 Temperature, precipitation, light environment
 Phylogenetic covariance matrix

Redness models 2
 Patch redness
 Temperature, precipitation, light environment
 Phylogenetic covariance matrix

Brightness null models
 Patch brightness
 . . .
 Phylogenetic covariance matrix

Redness null models
 Patch redness
 . . .
 Phylogenetic covariance matrix
Note: The null models tested the hypothesis that redness and brightness are influenced simply by phylogeny and not climate or habitat.
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predicted back redness, while model 2 better predicted
crown, tail, throat, and breast redness. In the remaining
patches, the standard error of the ELPD scores of models 1
and 2 overlapped, leaving the model comparison ambig-
uous (table S1).
Discussion

Gloger’s is a long-standing ecogeographic principle pre-
dicting that birds and mammals that inhabit warmer/
rainier climates tend to be darker than their counterparts
(intra- and interspecific) in cooler/drier places (Gloger
1833; Rensch 1929; Mayr 1956, 1963; Delhey 2017, 2019).
Here, we found strong support in the Furnariidae for the
predicted relationship between brightness and precipita-
tion. In contrast, we found that furnariid species tended
to be darker in cooler climates, contrary to the second pre-
diction of Gloger’s but consistent with a pattern dubbed
Bogert’s rule or thermalmelanism, which is often observed
in ectothermic animals (Clusella Trullas et al. 2007). We
also found a large interaction between precipitation and
brightness in many plumage patches, meaning that the
negative relationship between precipitation and plumage
brightness becomes stronger in cooler climates (figs. 1, 2,
Table 2: Mean parameter estimates from brightness and redness models 1, with standard errors in parentheses
Intercept a
 Precipitation b
Temperature
b

Temperature#
precipitation b
 Redness
 Error j
Phylogenetic
error (SD)
Brightness
models 1:
Crown
 .06
 2.24
 .06
 .14
 .75
 .47
 .50

(2.28 to .41)
 (2.33 to 2.15)
 (2.04 to .16)
 (.06 to .22)
 (.68 to .83)
 (.41 to .53)
 (.35 to .65)
Back
 .09
 2.31
 .14
 .18
 .54
 .39
 .75

(2.39 to .57)
 (2.40 to 2.21)
 (.04 to .24)
 (.09 to .26)
 (.47 to .61)
 (.33 to .44)
 (.63 to .88)
Rump
 .04
 2.23
 .23
 .14
 .55
 .34
 .91

(2.52 to .6)
 (2.33 to 2.14)
 (.12 to .34)
 (.05 to .23)
 (.48 to .63)
 (.28 to .40)
 (.78 to 1.03)
Tail
 .22
 2.08
 2.03
 .06
 .86
 .31
 .77

(2.25 to .71)
 (2.16 to .00)
 (2.13 to .06)
 (2.02 to .14)
 (.79 to .93)
 (.25 to .37)
 (.66 to .89)
Throat
 .21
 2.1
 2.07
 2.03
 .70
 .32
 .92

(2.36 to .78)
 (2.19 to 2.01)
 (2.18 to .03)
 (2.12 to .05)
 (.62 to .77)
 (.26 to .38)
 (.79 to 1.05)
Breast
 2.12
 2.15
 .04
 .09
 .66
 .39
 .78

(2.62 to .37)
 (2.24 to 2.06)
 (2.06 to .15)
 (.00 to .17)
 (.59 to .74)
 (.33 to .45)
 (.63 to .92)
Belly
 2.12
 2.07
 .10
 .03
 .72
 .32
 .63

(2.53 to .3)
 (2.15 to .00)
 (.01 to .18)
 (2.04 to .10)
 (.66 to .78)
 (.27 to .38)
 (.51 to .76)
Intercept a
 Precipitation b
Temperature
b

Temperature#
precipitation b
 Brightness
 Error j
Phylogenetic
error (SD)
Redness
models 1:
Crown
 2.13
 .05
 2.03
 2.07
 .75
 .37
 .75

(2.61 to .35)
 (2.04 to .14)
 (2.13 to .07)
 (2.15 to .01)
 (.68 to .82)
 (.32 to .43)
 (.62 to .88)
Back
 .03
 .01
 .06
 2.16
 .74
 .44
 .87

(2.52 to .58)
 (2.10 to .12)
 (2.06 to .19)
 (2.26 to2.07)
 (.64 to .83)
 (.36 to .53)
 (.69 to 1.05)
Rump
 .13
 2.08
 .09
 2.13
 .65
 .44
 .84

(2.41 to .68)
 (2.19 to .03)
 (2.03 to .22)
 (2.23 to2.04)
 (.56 to .75)
 (2.37 to .52)
 (.68 to 1.01)
Tail
 2.11
 .01
 .11
 2.12
 .72
 .26
 .75

(2.58 to .36)
 (2.06 to .08)
 (.03 to .20)
 (2.19 to2.05)
 (.65 to .78)
 (.20 to .32)
 (.65 to .85)
Throat
 2.08
 .02
 .09
 .00
 .68
 .41
 .76

(2.58 to .41)
 (2.07 to .12)
 (2.02 to .20)
 (2.09 to .08)
 (.61 to .76)
 (.34 to .49)
 (.60 to .92)
Breast
 2.05
 2.02
 .09
 2.04
 .74
 .54
 .45

(2.37 to .28)
 (2.12 to .08)
 (2.02 to .20)
 (2.12 to .05)
 (.67 to .82)
 (.49 to .60)
 (.37 to .53)
Belly
 .05
 2.04
 .00
 2.02
 .85
 .38
 .62

(2.36 to .45)
 (2.12 to .04)
 (2.09 to .09)
 (2.09 to .06)
 (.78 to .92)
 (.33 to .43)
 (.48 to .76)
Note: For each model, a is the intercept, bs are population-level effects and their interactions, j is the residual error in the model, and phylogenetic error is
the error in the model attributed to the phylogenetic correlation matrix. Population-level predictors in bold have a 95% credible interval that does not overlap
zero, which we consider a robust result.
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S1, S2). Furthermore, we found that forest-based lineages
tended to have darker plumage than non-forest-based
lineages, consistent with a previous study on furnariids
and other closely related families (Marcondes and Brum-
field 2019). But here, we expanded on that previous finding
by showing that the tendency for birds to have darker
plumage in darker habitats persists even after controlling
for the effects of climate (fig. 3). This indicates that climate
and light environments have separate but complementary
effects in driving macroevolutionary patterns of plumage
color variation in this bird family. We also conducted the
first phylogenetic comparative analysis of the complex ver-
sion of Gloger’s, finding equivocal support for the separate
influence of temperature or precipitation on redness. How-
ever, we found strong interaction effects between temper-
ature and precipitation in three of four dorsal patches that
suggest redness is highest in cool/wet and warm/dry cli-
mates (table 2; figs. 1, 2, S1, S2).
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Figure 1: The strength of the effect of precipitation on plumage brightness and redness changes with varying temperatures owing to the
interaction between precipitation and temperature. Back and belly patches demonstrate contrasting patterns of climate effects. In each plot,
dots represent species, colored by habitat, and regression lines represent the effect of precipitation on plumage in cold (mean 2 1 SD; solid
line), average (dashed line), and warm (mean 1 1 SD; dotted line) temperatures. All parameter estimates that are reliably nonzero are in
bold. A, Both precipitation and temperature have a strong, nonzero effect on back brightness, and the robust interaction of precipitation can
be seen by the varying slopes at different temperatures. B, In contrast, precipitation and temperature have strong effects on belly brightness,
but as can be seen with the similar slopes of the regression plots, the interaction between climate variables is weak. C, Precipitation and
temperature alone do not have an effect on back redness; however, their interaction is robust, causing precipitation to have a negative effect
on redness in warm temperatures and a positive effect in cold temperatures. D, Climate variables have no effect on belly redness. Equivalent
plots for all plumage patches are shown in figure S1.
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Gloger’s Rule, Precipitation, and Temperature

Rensch (1929, p. 160), defining Gloger’s, wrote that “mel-
anins . . . increase with higher temperature and humidity”
(translation from the German by Delhey [2019]). The test
of time—and ofmodern quantitative techniques—has val-
idated Rensch’s (1929) prediction for humidity, but intra-
specific (e.g., Rising et al. 2009; Amar et al. 2014; Mar-
condes et al. 2020b) and interspecific (e.g., Delhey 2018;
Galván et al. 2018; Delhey et al. 2019; Dufour et al. 2020)
comparisons, including this study, have failed to support
Rensch’s (1929) prediction for temperature. Our models 1
and 2 instead showed a positive effect of temperature
on brightness for most plumage patches (figs. 1, 3). This
is the opposite of Rensch’s (1929) formulation, but it is in
accordancewith intraspecificfindings in theblack sparrow-
hawk (Accipiter melanogaster; Amar et al. 2014), savannah
sparrow (Passerculus sandwichensis; Rising et al. 2009),
and variable antshrike (Thamnophilus caerulescens; Mar-
condes et al. 2020b), as well as comparative results from
analyses of the Australian avifauna (Delhey 2018), the
world’s passerines (Delhey et al. 2019), and the world’s
gulls (Dufour et al. 2020).
These findings are consistent with Bogert’s rule, a lesser-

known ecogeographical rule usually considered to apply
only to ectothermic animals (Clusella Trullas et al. 2007;
Delhey 2018, 2019). This rule predicts that animals should
be darker in cooler climates to enhance thermoregulation.
For example, among 96 bird species in the Iberian Penin-
sula, those with darker plumage had constrained thermal
niches characterized by cool temperatures and little solar
radiation (Galván et al. 2018). The consistency of results
showing this pattern in birds suggests that Bogert’s rule
may be more applicable to endotherms than previously
thought. There are also indications of a possible correlation
between melanism and temperature in mammals (Wacker
et al. 2016). Evidence for the functional relationship
between plumage pigmentation and thermoregulation
comes indirectly from the frequent occurrence of bare skin
patches, which act as heat dissipaters, in birds with heavily
melanized plumages (Negro et al. 2006; Galván et al. 2017,
2018). Furthermore, dark pigeons displayed a greater in-
crease in cloacal temperatures under direct solar exposure
than light pigeons (Angelier 2020). These results suggest
that the negative correlation between melanin deposition
and temperature may arise to avoid overheating in warm
climates (Galván et al. 2017) rather than to help maintain
warm body temperatures in cool climates. Experimental
work would be better suited to advance our knowledge in
that area (Delhey 2018; Angelier 2020)
Our models showed that the interaction between pre-

cipitation and temperature is a significant predictor of
brightness for many plumage patches (figs. 1, 2), meaning
that in cooler temperatures, the correlation between greater
precipitation and lower brightness was stronger than in
warmer temperatures. For illustration, consider four spe-
cies of furnariids, each occupying a different climatic re-
gime (fig. 2): the Peruvian recurvebill (Syndactyla ucayalae;
warm/rainy), the necklaced spinetail (Synallaxis stictotho-
rax; warm/dry), the Itatiaia spinetail (Asthenes moreirae;
cool/rainy), and the cream-rumped miner (Geositta isa-
bellina; cool/dry). Consistent with the simple negative cor-
relation between precipitation and brightness, the two
species inhabiting dry climates are brighter than the two
species inhabiting rainy climates. But owing to the inter-
action between precipitation and temperature, the differ-
ence in brightness between G. isabellina (cool/dry) and
A. moreirae (cool/rainy) is greater than the difference in
brightness between S. stictothorax (warm/dry) and S. uca-
yalae (warm/rainy).
These results can be contrasted with previous studies.

Delhey et al. (2019), like us, found support for Gloger’s
for precipitation and partial support for Bogert’s rule for
temperature across the world’s passerines; however, they
did not test for their interaction. Delhey et al. (2019) pro-
posed a general framework whereby the effect of temper-
ature on plumage brightness is quadratic or U shaped,
with birds being brighter at low and high temperatures
and darker in intermediate temperatures, given the same
levels of precipitation. But our results suggest a more nu-
anced scenario where temperature and precipitation can-
not be considered separately: birds are lighter in cool/dry
climates, but in cooler/rainier climates, the effect of pre-
cipitation becomes more prevalent, leading to darker
plumage (figs. 1–3, S1, S2).
The difference between our conclusions and those of

Delhey et al. (2019) highlights a fundamental challenge
of comparative biology: that the conclusions we obtain
depend on the clade and on the scale on which we choose
to conduct our studies (Beaulieu andO’Meara 2019; Stod-
dard et al. 2019). Results at a broadly inclusive level
(all passerines) may not be directly translatable to a more
restricted clade (Furnariidae). This is likely because the
furnariids include proportionally fewer species occupying
very cold climates relative to passerines as a whole. The
minimum temperature in our data set was 1.77C, whereas
in Delhey et al.’s (2019), it was lower than 2107C. Those
species from very cold climates, which are also usually
dry climates, may have a disproportionate effect on the
results. Furthermore, furnariids are much more limited
in their mechanisms of color production than passerines
as a whole, which include large numbers of species col-
ored by carotenoid pigments, structural coloration, or
their combination. Furnariids may be a better model to
test Gloger’s, since their colors dependmainly onmelanin
deposition.
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Climate and Light Environments in Gloger’s Rule 000
Gloger’s Rule and Light Environments

Numerous studies have shown that bird species of dark
light environments (e.g., forests) tend to be darker than
their relatives from open habitats, a pattern attributed
to natural selection for crypsis (Endler 1993; McNaught
and Owens 2002; Gomez and Théry 2004; Dunn et al.
2015; Hernández-Palma 2016; Maia et al. 2016; Shultz
and Burns 2017; Marcondes and Brumfield 2019), but
these studies have been conducted largely separately from
investigations of Gloger’s (e.g., Delhey 2018; Delhey et al.
2019). We calculated the differences between mean bright-
ness in each habitat while controlling for differences in
the climatic variables and the effect of shared evolution-
ary history. These contrasts showed that species from
bright light environments (nonforest) are brighter than
those from intermediate light environments (forest edge
and canopy) and forest interior habitats in that order
(fig. 3). Tail plumage is the only exception.
Zink and Remsen (1986) suggested background match-

ing as the main adaptive mechanism responsible for Glo-
ger’s. The aforementioned comparative work and our
results corroborate this. Birds tend to be darker in darker
(forested) habitats. Because forest habitats also tend to re-
ceive more precipitation (in our data set: forestsp 2,0095
611 mm precipitation/yr; intermediate habitatsp 1,5975
700 mm/yr; nonforest habitatsp 8525631 mm/yr), the
correlation between brightness and habitat could be spuri-
ously driven by climate. Our results show that is not the
case. The difference in brightness across habitats persists
even after controlling for climatic variables, demonstrating
that they have separate effects on the evolution of plumage
brightness.
Zink and Remsen (1986, p. 22) also suggested that “hu-

midity per se presumably has little direct influence” on
plumage color. Because our model 2 showed negative
correlations between brightness and precipitation, even
while including habitat as a predictor (table 3), we dis-
agree. Higher precipitation by itself does correlate with
darker plumage. A potential explanation for this is pro-
tection against feather-degrading bacteria. It is well docu-
mented that increased melanization makes feathers more
resistant to feather-degrading bacteria (Goldstein et al.
2004; Gunderson et al. 2008) and that these bacteria are
common on plumages of wild birds (Burtt and Ichida
1999, 2004; Kent and Burtt 2016). However, before it
can be conclusively said that feather-degrading bacteria
drive increased pigmentation in birds living in rainier
habitats, evidence is needed that these bacteria are in fact
more abundant in rainier habitats.
The tail was the only plumage patch that did not clearly

tend to be darker in forest-based species. The nonforest-
forest and nonforest-intermediate tail brightness contrasts
were equivocal, and the tail of forest species was credibly
brighter than that of intermediate species (fig. 3). This dif-
ference between the tail and other plumage patches might
be driven by several species of foliage gleaners in the genera
Automolus, Philydor, and allies, typical denizens of the
middle and lower strata of Neotropical rain forests, that
have light tails clearly contrasting with darker back and
wings. These species are adept participants in mixed-
species foraging flocks and often fan their tails, making
them strikingly visible (Sick 1993), perhaps suggesting a
communication role.
Gloger’s Rule and Vegetation Density

Previous studies have found that birds tend to be darker
in more heavily vegetated habitats (Delhey et al. 2019).
This is similar to, and consistent with, our findings. But
our analyses based on habitat preference offer further in-
sight because bird species occupy habitat types differen-
tially even within the same locality, a pattern that cannot
be captured by other methods, such as remote sensing-
based metrics of vegetation cover. For example, at a typ-
ical resolution, remote sensing data may show that a 30#
30-m cell is covered in very dense, tall vegetation (rain
forest). But different species of furnariids occupying that
cell may experience diverse light environments. For ex-
ample, in western Amazonia that cell may be occupied
by the orange-fronted plushcrown (Metopothrix auran-
tiaca) in the intensely sunlit forest canopy and the tawny-
throated leaftosser (Sclerurus mexicanus) in undergrowth
vegetation near the forest floor in the dim forest interior.
Remote sensing analyses may also be complicated by

the fact that they are often based on museum specimens
collected up to a few decades ago, before recent intense
anthropogenic landscape change is reflected in the data.
The landscape where a bird was collected many years
ago may have little resemblance to the landscape at that
same locality today.
Nevertheless, vegetation density by itself might also

favor increased pigmentation because greater melanin
Figure 3: There are robust differences in mean plumage brightness of nonforest and forest or intermediate birds in most patches across
light environments, but differences in redness across light environments were not as pronounced. Colored symbols represent posterior dis-
tributions of mean brightness/redness for each light environment after controlling for climatic variation and phylogenetic history; black
symbols represent differences between distributions. Circles denote the mean of the posterior distribution; thick lines contain 66% of
the distribution, and thin lines contain 95% of the distribution.
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content makes feathers harder and more resistant to abra-
sion (Barrowclough and Sibley 1980; Burtt 1986; Bonser
1995). This is often considered in the context of abrasion
from airborne particles, but it is conceivable that abrasion
from vegetation might also be a selective factor favoring
heavier plumage pigmentation (Kale 1966; Burtt 1986;
Surmacki et al. 2011; Kroodsma and Verner 2013), al-
though this demands further empirical study.
The Complex Version of Gloger’s Rule in Furnariidae

The little-studied complex version of Gloger’s, recently
revived by Delhey (2017, 2019) and Marcondes et al.
(2020b), predicts that bird plumages have a higher rela-
tive pheomelanin content in warm/dry areas. In our re-
sults, neither precipitation nor temperature by itself had
a robust effect on plumage redness. However, there was
a strong interaction effect of temperature and precipita-
tion on plumage redness in three dorsal plumage patches
(back, rump, and tail; figs. 1, 2, S1; table 1). In warm/dry
climates, furnariids are redder than in cool/dry or warm/
wet climates, a pattern consistent with the complex ver-
sion of Gloger’s. Interestingly, we also found that the strong
interaction of temperature and precipitation predicts red-
der birds in cool/wet climates.
In contrast with other ecogeographical rules, Gloger’s

had no mechanism associated with it when it was formu-
lated (Delhey 2019). Whereas several tentative but com-
pelling mechanisms have since been proposed for simple
Gloger’s (see above), the only mechanistic hypothesis of
complex Gloger’s was the cursory speculation by Mar-
condes et al. (2020b) that more reddish colors in drier
climates might be favored because of background match-
ing. Whereas our results do support this hypothesis in
part, background matching does not explain increased
redness in cool/wet environments.
Conclusion

Gloger’s is a classic ecogeographic principle predicting, in
its simple version, that animals should be darker in wetter
and warmer regions. We have shown—on the basis of
comparative analyses of the Furnariidae, a family of
1200 Neotropical passerine species—that the prediction
related to precipitation is borne out in our data, but the
prediction related to temperature is not. In fact, we found
that furnariids tend to be darker in cooler regions. We
also found a previously undescribed interaction between
precipitation and temperature, whereby the negative
effect of precipitation on plumage brightness becomes
stronger under cool temperatures. Furthermore, we also
showed that species in this family tend to be darker in
darker light environments and that this effect persists
even after controlling for the effects of climate.
On the basis of previous results and ours, we suggest that

the pattern encapsulated byGloger’s is produced by a com-
bination of the partially correlated effects of habitat type,
precipitation, and vegetation density. The effect of habitat
type is driven by natural selection for enhanced crypsis in
darker light environments (Zink and Remsen 1986; Endler
1993; McNaught and Owens 2002; Gomez and Théry
2004; Dunn et al. 2015; Maia et al. 2016; Shultz and Burns
2017; Marcondes and Brumfield 2019). The effect of pre-
cipitation may be due to feather-degrading bacteria (Burtt
and Ichida 1999, 2004; Goldstein et al. 2004; Gunderson
et al. 2008; Kent and Burtt 2016), and the effect of vegeta-
tion density may be related to feather abrasion (Kale 1966;
Burtt 1986; Surmacki et al. 2011; Kroodsma and Verner
2013), although the latter two effects still demand further
empirical work to be conclusively demonstrated. There
appears to also be a general effect of temperature on plum-
age brightness, but it is in the opposite direction than that
stated by Gloger’s: birds tend to be darker in cooler places.
This is possibly for thermoregulatory reasons (Negro et al.
2006; Galván et al. 2017, 2018; Angelier 2020).
Finally, our tests for complex Gloger’s demonstrate that

redness is associated with an interaction between precipi-
tation and temperature. However, these results are difficult
to interpret in the absence of a mechanistic framework
within which to discuss a potential correlation between cli-
mate and relative pheomelanin content. We suggest future
tests of complex Gloger’s at a macroevolutionary level will
be easier to devise and interpret once we have a better han-
dle on its potential ecological and physiological bases.
Acknowledgments

This work was partially supported by a National Science
Foundation (NSF) grant to R.T.B. (DEB-1146265 ), a Sci-
ence Without Borders doctoral fellowship from Brazil’s
National Council for Scientific and Technological De-
velopment to R.S.M. (CNPq; 201234/2014–9), and an
NSF Graduate Research Fellowship to J.A.N. We thank
Perrin Teal-Sullivan for assistance with figures and Jake
Esselstyn (Louisiana State University) and Chris Witt’s
lab group (University ofNewMexico) for helpful suggestions.
Statement of Authorship

R.S.M. and J.A.N. conceptualized the project, R.S.M. and
G.F.S. collected the data, R.S.M. and J.A.N. analyzed the
data and wrote the first draft, all authors participated in
reviewing and editing, R.S.M. and R.T.B. acquired funding
and resources, and R.T.B. supervised the project.



Climate and Light Environments in Gloger’s Rule 000
Data and Code Availability

Color data and climatic data have been deposited in the
Dryad Digital Repository (color: https://doi.org/10.5061
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