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ABSTRACT: Body size evolution is generally framed by the benefits
of being large, while costs are largely overlooked. An important pu-
tative cost of being large is the need to extend development periods,
which should increase exposure to predation and potentially select
against larger size. In birds, this selection pressure can be important
because predation is the main source of offspring mortality and
predators should more readily detect the larger nests associated
with larger body sizes. Here, we show for diverse passerine birds
across the world that counter to expectations, larger species suffer
lower daily nest predation rates than smaller species. This pattern
is consistent despite latitudinal variation in predation and does
not seem to reflect a tendency of larger species to use more pro-
tected nests or less exposed nest locations. Evidence instead sug-
gests that larger species attack a wider array of predator sizes, which
could reduce predation rates in nests of large-bodied species. Re-
gardless of the mechanism, the lower daily nest predation rates of
larger species yield slightly lower predation rates over the entire
development period compared with smaller species. These results
highlight the importance of behavior as a mechanism to alter selec-
tion pressures and have implications for body size evolution.

Keywords: body size evolution, nest predation, antipredator behav-
ior, life history, passerines.

Introduction

Body size influences much of an organism’s biology, af-
fecting almost all aspects of its ecology (Blueweiss et al.
1978; Peters 1983; Calder 1984; Saether 1989). For exam-
ple, most life-history traits scale allometrically with body
size, which suggests that much variation in life history
across species is the result of selection for different sizes
(Bielby et al. 2007). Given the importance of body size,
understanding its effects has long been considered a cen-
tral issue in many biological fields.
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Past theoretical and empirical work has largely focused
on the benefits of larger bodies, perhaps influenced by
the observed trend of organisms to increase in size over
evolutionary time (Cope’s rule). Benefits include increased
success in mating and intraspecific competition, the possi-
bility of using a broader range of foods, and a greater resis-
tance to environmental variation (Watson 1949; Rensch
1959; Gould 1966; Schoener and Janzen 1968; Hone and
Benton 2005). While larger body size may provide benefits,
it may also create costs, and such costs have more rarely
been explored (Blanckenhorn 2000).

A potential cost of larger bodies is the need to extend the
development period, which makes offspring more exposed
to predation, parasitism, and starvation (Blanckenhorn
2000). In birds, this cost can be particularly relevant be-
cause predation is one of the most important sources of
offspring mortality (Ricklefs 1969; Martin 19924). In addi-
tion, larger species may be more exposed to nest predators
because of the need to construct larger conspicuous nests
that are more likely to be detected by predators (Snow
1978; Slagsvold 1989; Biancucci and Martin 2010).

Current evidence for a link between body size and nest
predation rates is contradictory. Some studies of relatively
small numbers of species found that larger species and
nests experience higher nest predation rates (Murphy
and Fleischer 1986; Moller 1990; Biancucci and Martin
2010; Mouton and Martin 2019), but other studies found
lower predation rates (Ricklefs 1969; Weidinger 2004;
Remes et al. 20124). Thus, the influence of body size and
associated nest size on nest predation rates remains unclear.

One issue that may have hindered progress in dis-
entangling the relationship between body size and nest
predation rates is the existence of substantial geographic
variation in nest predation (Martin 1992b; Chalfoun et al.
2002; Thompson et al. 2002; Thompson 2007; Martin
et al. 2017). At broad geographic scales, latitudinal and
elevational differences in predator diversity and abun-
dance (Fischer 1960; Brown 2001) may lead to substantial



744  The American Naturalist

variation in nest predation pressures (Skutch 1949, 1985;
Snow 1978; Thompson et al. 2002; Thompson 2007; Boyle
2008; Nana et al. 2015). At local scales, habitat type and
landscape configuration can also affect nest predation
(Chalfoun et al. 2002; Renfrew and Ribic 2003; Thomp-
son and Burhans 2003). Such variation in the exposure
to predators may obscure a body size-nest predation re-
lationship, highlighting the need for broad tests across a
large array of species, habitats, and geographic locations.

Another possible influence on a body size-nest preda-
tion relationship is the potential of animals to proactively
reduce predation risk through behavioral responses (Mont-
gomerie and Weatherhead 1988; Martin 1992b). Birds, for
instance, commonly respond to predators through a variety
of active defense behaviors (e.g., direct attacks, distraction
and defensive displays, alarm calls), which are chosen ac-
cording to the risk that a predator entails (Gochfeld 1984;
Pietz and Granfors 2005). Evidence suggests that larger
species engage in more vigorous defense against intruders
(Ricklefs 1977; Weidinger 2002), although other strate-
gies are also possible such as harassing predators by join-
ing larger groups (Hoogland and Sherman 1976; Wiklund
and Andersson 1994; Krams et al. 2009). However, under
new predation pressures such as introduced exotic pred-
ators, species can lack antipredator behaviors to novel
predators, thus being more vulnerable to nest predation
risk (Salo et al. 2007; Remes et al. 2012b).

Behavior can also proactively reduce predation risk
in yet another way, that is, by mediating the decisions
about how, when, and where it is best to reproduce. Birds
can, for instance, reduce nest predation by selecting less
exposed nest locations (Martin 1993; Martin and Joron
2003; Colombelli-Négrel and Kleindorfer 2009) and by
building more protected nests (Nice 1957; Snow 1978;
Oniki 1985; Martin 1995; but see Martin et al. 2017; Mou-
ton and Martin 2019). The link of these latter mecha-
nisms to body size is less obvious, but they still have the
potential to obscure the relationship between body size
and nest predation.

Here, we examine possible relationships between body
size and nest predation rates by means of a phylogenetic-
based comparative analysis. We focus on passerine birds,
a group that exhibits substantial body size variation (4-
1,135 g) while sharing a similar altricial development.
Our analyses are based on a nest predation data set of un-
usually large spatial extent and taxonomic diversity, com-
prising 509 populations of 321 species distributed across
the world. A multiscale analysis of this large data set al-
lowed us to rigorously test the relationship between body
size and nest predation and to investigate the extent to
which this relationship is explained by spatial variation
and/or behavioral mechanisms that confer protection
against predators.

Methods
Data Collection on Nest Predation

We used nest predation data on passerine birds based on
our personal field studies in five sites (88 species and
88 populations) and from studies reported in the litera-
ture (243 species and 421 populations; fig. S1; figs. S1-S5
are available online). Our personal field studies included
nest predation data from the following five intensively
studied field sites: (i) a mixed conifer forest (at 2,300 m
elevation) in Arizona (34°N, 111°W) studied for 28 years;
(ii) a rain forest (between 1,400 and 2,000 m elevation)
in Yacambu National Park, Venezuela (9°N, 69°W), stud-
ied for 7 years; (iii) a rain forest (between 1,450 and
1,950 m elevation) in Kinabalu Park, Malaysian Borneo
(6°N, 116°E), studied for 9 years; (iv) a semievergreen sub-
tropical montane forest, which forms part of the Andean
tropical forest types (between 1,000 and 2,000 m eleva-
tion) in El Rey National Park, Argentina (24°S, 64°W),
studied for 3 years; and (v) a Mediterranean dwarf shrub-
land (between 0 and 60 m elevation) in Koeberg Nature
Reserve, Western Cape Province, South Africa (33°S,
18°E), studied for 7 years. In each field site, nest preda-
tion rates were obtained from a large number of nests
monitored following standardized long-term protocols
(Martin 1993; Martin et al. 2017). Nests were checked
every 2-4 days to determine their status and predation
events but were checked daily or twice daily during egg
laying, near hatching, and near fledging to obtain exact
durations of developmental periods. Nest predation was
assumed when all eggs or nestlings disappeared more than
2 days prior to average fledging age and parents could
not be found in the area feeding fledglings (Martin et al.
2017).

To further generalize the results, we added information
on nest predation rates extracted from the literature,
including both field studies (detailed in data deposited
in the Dryad Digital Repository [https://doi.org/10.5061
/dryad.4f4qrfj8z; Unzeta et al. 2020]) and comparative
studies (Martin 1993, 1995; Martin and Clobert 1996; Rob-
inson et al. 2000; Reme$ and Martin 2002; Reme$ 2007;
Matysiokovd et al. 2011; Remes et al. 20124, 2012b). A liter-
ature search was performed through Google Scholar using
the following terms: “nesting success,” “reproductive suc-
cess,” “breeding success,” “nest predation,” and “nest sur-
vival.” Hole nesters were not considered in our analyses be-
cause they exhibit low nest predation rates (i.e., Lack 1954;
Nice 1957; Martin 1995) that can obscure any body size
relationships in more exposed nest types. Altogether, the
complete database comprised passerine species from 58 dif-
ferent families. Also, populations varied in their spatial dis-
tribution across tropical regions (50% north-temperate,
15% tropical, and 35% south-temperate) and zoogeographic



regions (47% Nearctic, 12% Neotropic, 5% Palearctic,
5% Afrotropic, 5% Oriental, and 26% Australian).

Data Collection on Body Size

Body size of species was characterized in terms of adult
body mass. For the species in the intensively studied field
sites, body mass was measured with GemPro 250 portable
electronic scales (MyWeigh, Phoenix, AZ) in birds cap-
tured by mist nets (Martin 2015). For species for which
nest predation data were obtained from published sources,
adult body mass was obtained from Dunning (2007).

Processing Data on Nest Predation

Because not all nests were found at the beginning of the
nesting cycle, nest predation was estimated as daily nest
predation rates (Mayfield 1961). For the species from
the intensively studied field sites, we estimated daily pre-
dation rates using the logistic exposure method (Shaffer
2004; Martin et al. 2017). However, most of the original
sources for literature data provided nest predation es-
timates as the percentage of depredated nests. Following
Ricklefs (1969), we transformed percentage of depredated
nests to daily nest predation rates (DPRs) by the formula
DPR = —(In(1 — PR))/T, where PR is the proportion of
depredated nests and T is the duration of the nesting
cycle. The method of Ricklefs (1969) assumes that all
nests are found at the beginning of the nesting cycle,
but estimates using this method correlate well with those
calculated by an alternative method (i.e., Beintema 1996)
that varied T for simulated nests found at the middle stage
of the nesting cycle (Matysiokova et al. 2011; Remes et al.
2012a). Following Remes et al. (2012a), we estimated the
duration of the nesting cycle by summing clutch size (as-
suming one egg laid per day), incubation period, and nes-
tling period. The information on these life-history traits
was collected from Handbook of the Birds of the World
Alive (Del Hoyo et al. 2018), The Birds of North America
(Rodewald 2018), and original sources. Finally, because
daily predation rates may underestimate total predation
pressure over the entire nesting cycle (Pietz et al. 2012),
we estimated nest predation rates during the entire devel-
opment period (hereafter, total nest predation rates)
by the formula TotalPred = 1 — DSR" (Mayfield 1961),
where T is the duration of the nesting cycle and DSR is
the daily survival rate (i.e., DSR = 1 — DPR).

Data Collection on Nest Size

Measures of the outer height and diameter of nests were
collected from Higgins et al. (2001, 2006), Higgins and Pe-
ter (2002), Del Hoyo et al. (2018), and Rodewald (2018).
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These measures were then used to estimate both nest side
surface area, as the half of an ellipse area (for open nests)
and as the whole ellipse area (for domed nests), and nest
top surface area, as the area of a circle. Nest side surface
area and nest top surface area were highly correlated, so
we used the latter to maximize sample size.

Data Collection for Behavioral Response to Predators

A good surrogate of the antipredatory potential of a species
is to assess the body size of the predators that parents of
the prey species can attack. Consequently, we scored de-
fense behavior as the body mass (range and maximum)
of the bird and mammal predators that adults of the prey
species have been reported to attack. The information on
species agonistic behaviors was obtained from Higgins
etal. (2001, 2006), Higgins and Peter (2002), and Rodewald
(2018), while the information on predator body mass was
collected from the Animal Ageing and Longevity Database
(Tacutu et al. 2018). We defined attacking behaviors as
those agonistic interactions implying an aggressive ap-
proach to predators, described in the literature with some
of the following terms: “attacking,” “chasing,” “harassing,”
“diving,” “pecking,” “striking,” “fighting,” “aggressive in-
teraction,” and “physical contact.” Moreover, we consid-
ered as predators those species that were cited as nest or
adult predators by Higgins et al. (2001, 2006), Higgins
and Peter (2002), and Rodewald (2018). The type of pred-
ator (bird or mammal) did not affect the relationship be-
tween body mass and maximum body size of predators,
so predator types were pooled together in the final analy-
ses. Data on body sizes of predators that the prey species
can successfully attack are provided in the Dryad Digital
Repository (https://doi.org/10.5061/dryad.4f4qrtj8z; Unzeta
et al. 2020).

Data Collection on Covariates

For each species in our data set, we extracted information
on several factors that could affect the relationship be-
tween body size and nest predation, as follows: (1) nest
structure (open vs. domed), (2) nest location (ground,
shrub, or canopy), (3) habitat of the study site (open vs.
forested), and (4) social organization (solitary vs. group
breeders, the latter including cooperative breeding and
colonial species). Information was obtained from original
sources, Del Hoyo et al. (2018), Rodewald (2018), and
Cockburn (2006). We also collected data on the mean lat-
itude, longitude, and elevation of the study sites. When-
ever the original articles did not provide coordinates or el-
evation of the study sites, we extracted the information
based on the reported localities by using Google Earth
software. Moreover, we considered the possible presence
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of exotic predators in those study sites present in human-
disturbed habitats (Hugo and van Rensburg 2009), such
as urban and rural habitats, and when exotic predators
were detected in the study sites. Finally, we used research
effort estimates from Ducatez and Lefebvre (2014) to ac-
count for the fact that detection of agonistic behaviors can
be increased in species that are more commonly studied.
Research effort was based on the number of articles
published for each species from 1978 to 2008 in the Zoo-
logical Record database.

Phylogeny

Phylogenetic trees were obtained from the global phylog-
eny of birds, available at http://www.birdtree.org (Jetz
et al. 2012). To account for phylogenetic uncertainty, we
built a maximum clade credibility tree (summary tree) for
the first chunk of 1,000 phylogenetic trees for each back-
bone, using the Ericson et al. (2006) backbone and Tree-
Annotator (a program included in the software BEAST
ver. 1.8.0; Drummond et al. 2012).

Modeling Body Size and Daily Nest Predation

To investigate the relationship between body size and daily
nest predation, we used Bayesian phylogenetic mixed mod-
els (BPMMs) with Gaussian error structures, as imple-
mented in the MCMCglmm R package version 2.20 (Had-
field 2010). The use of this approach allowed us to perform
mixed models while accounting for phylogenetic effects.
We first used BPMMs to test the association between body
size and daily nest predation. Nest predation rate measures
were not totally independent from each other because of
shared inheritance among species and because several spe-
cies as well as site and year of the studies accounted for mul-
tiple records. Thus, when modeling nest predation, we in-
cluded phylogeny, species, study sites, and year as random
effects in the BPMMs, which proved to be the best random
structure according to both the deviance information crite-
rion and the widely applicable information criterion. The
proportion of daily nest predation variance explained for
each random factor was assessed by means of intraclass
correlation coefficients (ICCs; Nakagawa and Schielzeth
2010). Variation in the mean square root of daily predation
rates across species was illustrated with a phylogenetic re-
construction based on the function contMap from Phytools
R package (Revell 2012), which allow visualization of con-
tinuous data on a phylogeny.

Daily nest predation rates and body size estimates were,
respectively, square root and log transformed prior to anal-
yses to improve normality. We explored the possible con-
tributing effects of nest location, habitat type, nest struc-
ture, latitude, and elevation by including these variables

as fixed effects (Z transformed) in the model. We analyzed
interactions between fixed factors and also examined
whether nest predation relationships with elevation and
latitude were better described by a polynomial model
than by a linear model. To assess which predictors better
explained daily nest predation variation, we performed a
model selection approach based on phylogenetically in-
formed deviance information criterion, in which a set of
models containing all combinations of traits were ana-
lyzed and compared. We also investigated the relation-
ship between nest size and daily nest predation rates after
accounting for body size effects. To avoid collinearity be-
tween nest size and body size, we estimated residual nest
size as the residual from a BPMM of nest size (log trans-
formed) against body size (log transformed). In comple-
mentary analyses modeling body size or residual nest size
as response variables, random structures were adjusted us-
ing those structures that better accounted for the noninde-
pendence of the data. Using noninformative priors, each
model was run for 3,100,000 iterations with a 100,000
burn-in and a thinning interval of 2,000 to allow conver-
gence. Model convergence was confirmed by ensuring that
sample autocorrelation was <0.1 and that the number of
iterations to obtain samples was at least 1,000.

To ensure that the results were not affected by heterosce-
dasticity, the models were reexamined through a quantile
regression approach. Current approaches to conduct quan-
tile regression assume phylogenetic independence in the
data. However, this assumption proved to be false (see
“Results”). To tackle this limitation, we split our response
variable (daily nest predation) into different quantiles
along the values of the explanatory variable of interest
(body size), and we then fitted a different BPMM for each
quantile.

We also used BPMMs within a path analysis frame-
work to test how social organization, the ability to attack
large predators, and nest size directly and/or indirectly in-
fluenced the relationship between body size and daily nest
predation. Because the maximum predator size and the
range of predator body sizes that species are able to attack
were highly correlated, we used the former in this analy-
sis to maximize sample size. The R package dSep (avail-
able at https://github.com/jmaspons/dSep) was used to
test the fit of the causal models using the d-separation
method (von Hardenberg and Gonzalez-Voyer 2013).
This method predicts the minimal set of conditional
probabilistic independence constraints that must all be
true for the causal model to be correct (von Hardenberg
and Gonzalez-Voyer 2013). All numerical variables were
Z transformed (mean centered with SD = 1) to allow as-
sessment of the relative importance of each path. We used
the Fisher’s C statistic to test whether the predicted basis
set of conditional independencies was fulfilled in the



observational data (Shipley 2000, 2004; von Hardenberg
and Gonzalez-Voyer 2013). The C statistic information
criterion (CICc), an information criterion modified for
small sample sizes and adapted to path analysis, was used
to perform a model selection procedure (von Hardenberg
and Gonzalez-Voyer 2013). The standardized path co-
efficients of the best-fit models (ACICc < 2) were aver-
aged following the conditional average method, where
path coefficients of those paths not occurring in all mod-
els were averaged only between the models including that
path (von Hardenberg and Gonzalez-Voyer 2013).

Results

Daily nest predation rates showed variation across geo-
graphic locations (ICC mode = 0.26, confidence interval
[CI] = 0.17-0.35). Predation rates increased toward the
equator (fig. 1A; pMCMC latitude = 0.044; pMCMC
latitude® = 0.013; table S1; tables S1-S19 are available
online) at similar rates in both northern and southern
hemispheres (pMCMC = 0.290; table S2) but did not
vary with elevation even after accounting for latitude
(pMCMC = 0.582; table S1). Daily nest predation rates
also showed substantial variation across species (ICC spe-
cies = 0.40). Much of this variation was explained by
the phylogeny (ICC phylogeny = 0.33, CI = 0.20-0.52;
fig. S2). This result indicates that daily nest predation rates
are influenced not only by extrinsic factors but also by
some intrinsic features shared by closely related species.

Our analyses suggest that body size can be one of these
intrinsic features. After accounting for regional, phyloge-
netic, and year effects, we found a consistent decrease
in daily nest predation rates with increasing body size
(fig. 1B; pMCMC = 0.002; table S1). This association re-
mained strong even when including a number of poten-
tial confounding factors, such as latitude and elevation
(table S1). Moreover, the relationship also held consistent
when removing the effects of the possible presence of
exotic predators in the study sites (pMCMC = 0.008; ta-
ble S3). The lower daily nest predation rates in larger spe-
cies were statistically robust, as indicated by a regression
by quantiles (fig. S3), and in a model selection approach,
body size and latitude emerged as the only predictors in
the best model (pMCMC body size < 0.001; pMCMC lat-
itude = 0.056; pMCMC latitude® = 0.004; table S4). These
results were not affected by collinearity, as our data on body
size did not show latitudinal patterns (pMCMC latitude =
0.997; pMCMC latitude? = 0.995; table S5).

As expected, larger species typically built larger nests
(fig. S4; pPMCMC < 0.001; table S6), which should be eas-
ier to detect by predators. Instead, we found a tendency of
larger nests to suffer lower (rather than higher) daily pre-
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Figure 1: A, Relationship between daily nest predation and lati-
tude (N species = 270; N populations = 495). B, Relationship be-
tween daily nest predation and body size across species (N species =
270; N populations = 422).

dation rates than smaller nests (pMCMC = 0.037; ta-
ble S7). However, nest size did not explain any additional
variation in nest predation rates (pMCMC = 0.218) after
accounting for body size and latitude (table S8).

To clarify the reasons why larger birds experience lower
daily predation rates despite building larger nests, we ex-
amined the potential of larger species to proactively reduce
predation risk through behavioral responses. Although
birds can reduce nest predation by selecting less exposed
nest locations or by building more protected nests, we
found no evidence that either of these scenarios explains
the pattern (table S1). Moreover, body size was not associ-
ated with either the construction of more protected nests
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or the choice of more protected habitats and nest sites
(table S9).

Instead, our results suggest that body size effects on
nest predation rates could be influenced in part by nest
defense behaviors. We found that adults in larger species
can attack larger predators (fig. 2A; pMCMC = 0.001; ta-
ble S10) and a wider range of predator body sizes (fig. 2B;
pMCMC = 0.005; table S10) than adults of smaller spe-
cies. These enhanced antipredatory abilities were in turn
associated with lower daily nest predation rates (fig. 2C,
2D; pMCMC < 0.002; table S11).

Species with abilities to respond to larger and more di-
verse body sizes of predators often built nests that were
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larger than expected for their body size (pMCMC < 0.006;
table S12). However, these disproportionally larger nests
did not suffer higher daily predation rates (pMCMC =
0.230; table S13). This suggests that the conspicuity of larger
nests to predators may be compensated in part by a greater
ability of large birds to respond to a wider array of predators.

The range of predators that a species can defend against
was also influenced by sociality. In particular, the maxi-
mum size of attacked predators was bigger in social breed-
ers than in solitary breeders (pMCMC = 0.001; table S14).
Social breeders also exhibited a marginally significant ten-
dency to be able to attack a broader range of predators
(pMCMC = 0.057; table S15). Daily predation rates were

B
10

log Range body size attacked predator (grams)
@)}

4
2 Tt .
2 3 4 5 6 7
log Body size (grams)

D L]
2 02{ ° ce o e
s s
g L]
S e
= .
=]
& :
S 0.1 :
‘B
@)
E
5]

0.0 o
2 4 6 8 10

log Range body size attacked predator (grams)

Figure 2: The ability of species to respond to bird and mammal predators is related to body size and daily nest predation rates. Larger
species were able to attack a larger (A; N species = 96) and wider (B; N species = 65) range of predator body sizes. Daily nest predation
rates decreased with the ability to attack a larger (C; N species = 79; N populations = 152) and wider (D; N species = 52; N populations = 98)

range of predator body sizes.



also reduced in social species (pMCMC = 0.005; ta-
ble S16), suggesting that a number of mechanisms allowed
by group breeding may contribute to the reduced nest pre-
dation pressure. However, sociality was not related to body
size and hence did not explain the link between body size
and daily predation rates (pMCMC = 0.688; table S17).

A phylogenetic path analysis further clarified direct
and indirect effects of antipredatory behavior, nest size,
and group breeding on the relationship between body
size and nest predation (fig. S5). The best-supported mod-
els (fig. 3) indicated that social factors contribute to
reduce daily nest predation rates indirectly by favoring anti-
predatory behavior (path coefficient = 1.02, pMCMC =
0.002). However, group breeding was only slightly related
to body size (path coefficient = 0.12, pMCMC = 0.042)
and hence did not explain the relationship between body
size and daily nest predation. Instead, the relationship
was better explained by the larger and more diverse array
of predators that parents of larger species were able to de-
ter. Thus, our results suggested that larger species show en-
hanced antipredator behaviors (path coefficient = 0.67,
pMCMC < 0.001) that are associated with reduced daily
nest predation rates (path coefficient = —0.45, pMCMC <
0.001) despite having larger, more conspicuous nests (path
coefficient = 0.90, pMCMC < 0.001) that did not contrib-
ute to nest predation rates.

Because the duration of the development period tends
to increase with body size (fig. 44; pMCMC < 0.001; ta-
ble S18), daily predation rates may underestimate the fit-
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ness costs of predation in larger species. However, we
found that larger species exhibited slightly reduced nest
predation rates over the entire development period com-
pared with smaller species (fig. 4B; pMCMC = 0.024;
table S19). This latter result indicates that the reduction
in daily nest predation rates is sufficient to compensate
for the extended development time of larger species.

Discussion

We found that larger species had lower predation rates
despite their longer development periods and more con-
spicuous nests compared with smaller species. This find-
ing is remarkable considering that predation pressures
are expected to vary geographically as a function of the di-
versity and abundance of local predators (Fischer 1960),
and it challenges the notion that higher exposure to nest
predators is a major cost of being larger.

Nest predation has long been argued to be greater in
the tropics than north-temperate zones (Skutch 1949;
Ricklefs 1969; Snow 1978; but see Kubelka et al. 2018),
whereas the change with latitude in the southern hemi-
sphere has been less clear (Martin 1996). Our extended
data set confirmed the existence of substantial geographic
variation in daily nest predation rates, with clear latitudi-
nal patterns in both the northern and southern hemi-
spheres. However, the existence of latitudinal variation
was not strong enough to obfuscate the association be-
tween body size and nest predation risk.

BODY
SIZE

0.90

0.67 0.12

NEST 0.47

ATTACK LARGE
SIZE PREDATORS

Lo2 | GROUP
BREEDING

A

-0.45

DAILY PREDATION
RATE

Figure 3: Path coefficients averaged among the best-fit models (C statistic information criterion, ACICc < 2) of a phylogenetic path analy-
sis approach to test direct and indirect effects influencing the body size and daily nest predation relationship (N species = 62;

N populations = 116).
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Figure 4: A, Relationship between development period and body
size (N species = 288). B, Relationship between total nest preda-
tion and body size across species (N species = 240; N populations =
391).

Our results of reduced predation in larger species are
counter to long-standing arguments that their larger nests
should cause higher nest predation (Snow 1978; Murphy
and Fleischer 1986; Slagsvold 1989; Moller 1990; Bian-
cucci and Martin 2010; Mouton and Martin 2019). The
reasons of such reductions are unclear, but our results
suggest a role for antipredator behavioral mechanisms. A
larger body size provides physical advantages when con-
fronting a wide array of predators (Rensch 1959; Borg-
mann and Conway 2015), which may reduce exposure
risks (Montgomerie and Weatherhead 1988), allowing
larger species to defend the nest against a larger number
of potential predators (Werner and Gilliam 1984). Our re-
sults suggest that a larger body allows adults of songbird
species to attack a wider array of large and small predators
(Werner and Gilliam 1984). These results align with previ-
ous studies reporting more aggressive nest defense be-

haviors in larger species (Larsen et al. 1996) and a variety
of evidence that shows that active defense can reduce pre-
dation risk (reviewed in Martin 1992b).

The importance of defense as a potential mechanism to
reduce nest predation rates was further suggested by the
effect of group breeding on increasing the ability to deter
predators (Hoogland and Sherman 1976; Wiklund and
Andersson 1994; Krams et al. 2009). Thus, nest defense
may add to additional mechanisms of group breeders to
reduce nest predation risk, such as increased vigilance
or dilution effects (Hamilton 1971; Kenward 1978; Mar-
tin 1992b; Caro 2005). Nonetheless, group breeding ef-
fects did not obscure the role of antipredatory behavioral
responses in mediating the relationship between body
size and nest predation. Thus, our broad results from
across the world are consistent with previous suggestions
that enhanced antipredatory defense capabilities of larger
birds can reduce the risk of nest predation (Ricklefs 1977;
Weidinger 2002).

The alternative that the reduced daily predation reflects
a higher tendency of larger species to use more protected
nests or less exposed nest locations was less supported by
our data. Our geographically broader analyses did not de-
tect systematic differences in daily nest predation rates
across habitats or nest locations, in contrast to previous
studies within North America (Martin 1993). Enclosed
structures have been proposed to confer protection bene-
fits against predators (Nice 1957; Snow 1978; Oniki 1985),
but not all studies support this expectation (Martin et al.
2017; Mouton and Martin 2019; this study). Moreover,
enclosed nests were not more common in large species
(Martin et al. 2017; this study), demonstrating that they
cannot contribute to the lower predation rates observed
for larger species. Additional conditions such as landscape
configuration, predator assemblage, or vegetation struc-
ture can have greater effects on nest predation than the
habitat or nest site (Donovan et al. 1997; Martin and Joron
2003; Renfrew and Ribic 2003; Colombelli-Négrel and
Kleindorfer 2009). Given the lack of support for differ-
ences in nest predation pressures across habitats and nest
locations, nest structure and site choice do not seem to be
an explanation for lower nest predation pressures in larger
species.

While our results highlight the importance of anti-
predatory responses in explaining why larger birds suffer
lower nest mortality despite more conspicuous nests, the
existence of substantial unexplained variation suggests
that other mechanisms can also play a role. Additional
parental behaviors, such as nest attentiveness or visitation
rates (Fontaine and Martin 2006; LaManna and Martin
2016), parental investment (Larsen 1991), and the role of
learning aimed at improving selection for safer nest sites
(Burhans and Thompson 1998; Chalfoun and Martin 2010),



deserve particular attention in the future (Cresswell 1997;
Weidinger 2002). For example, a reproductive failure can
cause parents to modify nest site choices and parental be-
haviors in subsequent breeding attempts (Chalfoun and
Martin 2010). These responses are expected to be linked
to life history—and hence to body size—because a slow
strategy increases the probability of future reproduction
and provides more opportunities to learn and benefit from
learned behaviors (LaManna and Martin 2016; Sol et al.
2016; Maspons et al. 2019). Interestingly, our findings
show how behavioral responses of slow-lived species can
have a positive feedback on selection of slow-lived strate-
gies. Understanding how behavior varies as a function of
life-history strategies seems a crucial next step to further
understand the mechanisms behind the selective forces
driving the evolution of body size.

Regardless of the exact behavioral mechanism, our
analyses indicate that the declines in daily nest predation
rates observed in larger passerines are sufficiently reduced
so as to yield lower predation rates over the entire nesting
cycle. If extending the development period does not in-
crease offspring exposure to predation, it follows that the
fitness costs may be less important than generally believed.
The existence of substantial phylogenetic signal in daily
nest predation rates is consistent with this interpretation,
as it suggests that inheriting a larger body from ancestors
may contribute to buffer species against nest predation.
Given the importance of reduced offspring predation to fit-
ness (Ricklefs 1969; Martin 1992a; Thompson 2007; Remes
etal. 2012b), our findings suggest that the reduction in nest
predation may have been an important contributor to the
evolution of larger body size, providing an additional
mechanism for Cope’s rule. Because changes in offspring
mortality are expected to shape selection on delayed matu-
rity and decreased reproductive effort (Reznick et al. 2002),
the possibility that a large body facilitates behavioral re-
sponses that reduce nest predation is also expected to have
important implications for life-history evolution.

Acknowledgments

We are grateful to the Sol and Martin Labs for their help-
ful support and discussions and especially to Joan Garcia-
Porta, who built the phylogenetic summary tree used in
this study. We are also grateful to Rimi Repin, Sabah Parks,
and the Sabah Biodiversity Centre in Malaysia; C. Bosque,
Instituto Nacional de Parques, and Fondo Nacional de
Ciencia, Tecnologia y Innovacién in Venezuela; and J.
Le Roux, Eskom, and the Western Cape Nature Conser-
vation Board in South Africa for logistical support. This
research was supported by funds from the Spanish govern-
ment (Mineco project CGL2017-90033P), the National
Science Foundation (DEB-1241041, 10S-1349178, 10S-

Body Size and Nest Predation in Birds 751

1656120, and DEB-1651283), and a grant for the recruit-
ment of new research staff (FI-DGR 2015) conceded by
the Catalan government (Generalitat de Catalunya). Field-
work was conducted under the auspices of the University
of Montana (Institutional Animal Care and Use Commit-
tee 059-10TMMCWRU). Any use of trade, firm, or prod-
uct names is for descriptive purposes only and does not
imply endorsement by the US government.

Statement of Authorship

M.U,, T.E.M,, and D.S. contributed to the conception and
conceptualization of the study. T.E.M. and M.U. gathered
data; M.U. ran the analyses and wrote the first draft of
the manuscript; and T.E.M. and D.S. critically reviewed,
made direct intellectual contributions, and approved its
publication.

Data and Code Availability

Supplemental data can be found in the Dryad Digital Re-
pository (https://doi.org/10.5061/dryad.4f4qrfj8z; Unzeta
et al. 2020).

Literature Cited

Beintema, A. J. 1996. Inferring nest success from old records. Ibis
138:568-570.

Biancucci, L., and T. E. Martin. 2010. Can selection on nest size
from nest predation explain the latitudinal gradient in clutch
size? Journal of Animal Ecology 79:1086-1092.

Bielby, J., G. M. Mace, O. R. P. Bininda-Emonds, M. Cardillo, J. L.
Gittleman, K. E. Jones, C. D. L. Orme, et al. 2007. The fast-slow
continuum in mammalian life history: an empirical reevalua-
tion. American Naturalist 169:748-757.

Blanckenhorn, W. U. 2000. The evolution of body size: what keeps
organisms small? Quarterly Review of Biology 75:385-407.

Blueweiss, L., H. Fox, V. Kudzma, D. Nakashima, R. Peters, and S.
Sams. 1978. Relationships between body size and some life his-
tory parameters. Oecologia 37:257-272.

Borgmann, K. L., and C. J. Conway. 2015. The nest-concealment
hypothesis: new insights from a comparative analysis. Wilson
Journal of Ornithology 127:646-660.

Boyle, W. A. 2008. Can variation in risk of nest predation explain
altitudinal migration in tropical birds? Oecologia 155:397-403.

Brown, J. H. 2001. Mammals on mountainsides: elevational pat-
terns of diversity. Global Ecology and Biogeography 10:101-109.

Burhans, D. E., and F. R. Thompson. 1998. Effects of time and
nest-site characteristics on concealment of songbird nests. Con-
dor 100:663-672.

Calder, W. A. 1984. Size, function, and life history. Harvard Uni-
versity Press, Cambridge, MA.

Caro, T. 2005. Antipredator defenses in birds and mammals. Uni-
versity of Chicago Press, Chicago.

Chalfoun, A. D, and T. E. Martin. 2010. Facultative nest patch
shifts in response to nest predation risk in the Brewer’s sparrow:
a “win-stay, lose-switch” strategy? Oecologia 163:885-892.



752  The American Naturalist

Chalfoun, A. D., F. R. Thompson, and M. J. Ratnaswamy. 2002.
Nest predators and fragmentation: a review and meta-analysis.
Conservation Biology 16:306-318.

Cockburn, A. 2006. Prevalence of different modes of parental care
in birds. Proceedings of the Royal Society B 273:1375-1383.
Colombelli-Négrel, D., and S. Kleindorfer. 2009. Nest height, nest
concealment, and predator type predict nest predation in su-
perb fairy-wrens (Malurus cyaneus). Ecological Research 24:

921-928.

Cresswell, W. 1997. Nest predation: the relative effects of nest
characteristics, clutch size and parental behaviour. Animal Be-
haviour 53:93-103.

Del Hoyo, J., A. Elliot, J. Sargatal, D. A. Christie, and G. Kirwan,
eds. 2018. Handbook of the birds of the world alive. Lynx
Edicions, Barcelona.

Donovan, T. M., P. W. Jones, E. M. Annand, and F. R. Thompson.
1997. Variation in local-scale edge effects: mechanisms and
landscape context. Ecology 78:2064-2075.

Drummond, A. J., M. A. Suchard, D. Xie, and A. Rambaut. 2012.
Bayesian phylogenetics with BEAUti and the BEAST 1.7. Mo-
lecular Biology and Evolution 29:1969-1973.

Ducatez, S., and L. Lefebvre. 2014. Patterns of research effort in
birds. PLoS ONE 9:e89955.

Dunning, J. B., Jr. 2007. CRC handbook of avian body masses. 2nd ed.
CRC, Boca Raton, FL.

Ericson, P. G. P, D. Zuccon, J. I. Ohlson, U. S. Johansson, H.
Alvarenga, and R. O. Prum. 2006. Higher-level phylogeny and
morphological evolution of tyrant flycatchers, cotingas, manakins,
and their allies (Aves: Tyrannida). Molecular Phylogenetics and
Evolution 40:471-483.

Fischer, A. G. 1960. Latitudinal variations in organic diversity.
Evolution 14:64-81.

Fontaine, J. J., and T. E. Martin. 2006. Parent birds assess nest pre-
dation risk and adjust their reproductive strategies. Ecology
Letters 9:428-434.

Gochfeld, M. 1984. Antipredator behavior: aggressive and distrac-
tion displays of shorebirds. Pages 289-377 in J. Burger and B. L.
Olla, eds. Shorebird breeding biology and populations. Plenum,
New York.

Gould, S. J. 1966. Allometry and size in ontogeny and phylogeny.
Biological Reviews 41:587-638.

Hadfield, J. D. 2010. MCMCglmm: MCMC methods for multi-
response GLMMs in R. Journal of Statistical Software 33:1-22.

Hamilton, W. D. 1971. Geometry for the selfish herd. Journal of
Theoretical Biology 31:295-311.

Higgins, P. J., and J. M. Peter, eds. 2002. Handbook of Australian,
New Zealand and Antarctic birds. Vol. 6. Pardalotes to shrike-
thrushes. Oxford University Press, Melbourne.

Higgins, P. ., J. M. Peter, and S. J. Cowling, eds. 2006. Handbook
of Australian, New Zealand and Antarctic birds. Vol. 7. Boatbill
to starlings. Oxford University Press, Melbourne.

Higgins, P. J., J. M. Peter, and W. K. Steele, eds. 2001. Handbook
of Australian, New Zealand and Antarctic birds. Vol. 5. Tyrant-
flycatchers to chats. Oxford University Press, Melbourne.

Hone, D. W. E,, and M. J. Benton. 2005. The evolution of large size:
how does Cope’s rule work? Trends in Ecology and Evolution
20:4-6.

Hoogland, J. L., and P. W. Sherman. 1976. Advantages and dis-
advantages of bank swallow (Riparia riparia) coloniality. Eco-
logical Monographs 46:33-58.

Hugo, S., and B. J. van Rensburg. 2009. Alien and native birds in
South Africa: patterns, processes and conservation. Biological
Invasions 11:2291-2302.

Jetz, W., G. H. Thomas, J. B. Joy, K. Hartmann, and A. O. Mooers.
2012. The global diversity of birds in space and time. Nature
491:444-448.

Kenward, R. E. 1978. Hawks and doves: factors affecting success
and selection in goshawk attacks on woodpigeons. Journal of
Animal Ecology 47:449-460.

Krams, L, A. Berzins, and T. Krama. 2009. Group effect in nest de-
fence behaviour of breeding pied flycatchers, Ficedula hypoleuca.
Animal Behaviour 77:513-517.

Kubelka, V., M. Silek, P. Tomkovich, Z. Végvari, R. P. Freckleton,
and T. Székely. 2018. Global pattern of nest predation is dis-
rupted by climate change in shorebirds. Science 362:680-683.

Lack, D. 1954. The natural regulation of animal numbers. Clarendon,
Oxford.

LaManna, J. A., and T. E. Martin. 2016. Costs of fear: behavioural
and life-history responses to risk and their demographic conse-
quences vary across species. Ecology Letters 19:403-413.

Larsen, T. 1991. Anti-predator behaviour and mating systems in
waders: aggressive nest defence selects for monogamy. Animal
Behaviour 41:1057-1062.

Larsen, T., T. A. Sordahl, and I. Byrkjedal. 1996. Factors related to
aggressive nest protection behavior: a comparative study of Hol-
arctic waders. Biological Journal of the Linnean Society 58:409-
439.

Martin, J. L., and M. Joron. 2003. Nest predation in forest birds:
influence of predator type and predator’s habitat quality. Oikos
102:641-653.

Martin, T. E. 1992a. Breeding productivity considerations: what
are the appropriate habitat features for management? Pages 455-
473 in E. ]. M. Hagan and D. W. Johnston, eds. Ecology and con-
servation of Neotropical migrant landbirds. Smithsonian Institu-
tion, Washington, DC.

. 1992b. Interaction of nest predation and food limitation

in reproductive strategies. Current Ornithology 9:163-197.

. 1993. Nest predation among vegetation layers and habitat

types: revising the dogmas. American Naturalist 141:897-913.

. 1995. Avian life history evolution in relation to nest sites,

nest predation, and food. Ecological Monographs 65:101-127.

. 1996. Life history evolution in tropical and south temper-

ate birds: what do we really know? Journal of Avian Biology

27:263-272.

. 2015. Age-related mortality explains life history strategies
of tropical and temperate songbirds. Science 349:966-970.

Martin, T. E., A. J. Boyce, K. Fierro-Calderén, A. E. Mitchell, C. E.
Armstad, J. C. Mouton, and E. E. Bin Soudi. 2017. Enclosed
nests may provide greater thermal than nest predation benefits
compared with open nests across latitudes. Functional Ecology
31:1231-1240.

Martin, T. E., and J. Clobert. 1996. Nest predation and avian life-
history evolution in Europe versus North America: a possible
role of humans? American Naturalist 147:1028-1046.

Maspons, J., R. Molowny-Horas, and D. Sol. 2019. Behaviour, life
history and persistence in novel environments. Philosophical
Transactions of the Royal Society B 374:20180056.

Matysiokovd, B., A. Cockburn, and V. Remes. 2011. Male incuba-
tion feeding in songbirds responds differently to nest predation
risk across hemispheres. Animal Behaviour 82:1347-1356.




Mayfield, H. 1961. Nesting success calculated from exposure.
Wilson Bulletin 73:255-261.

Moller, A. P. 1990. Nest predation selects for small nest size in the
blackbird. Oikos 57:237-240.

Montgomerie, R. D., and P. J. Weatherhead. 1988. Risks and re-
wards of nest defence by parent birds. Quarterly Review of Biol-
ogy 63:167-187.

Mouton, J. C., and T. E. Martin. 2019. Nest structure affects audi-
tory and visual detectability, but not predation risk, in a tropical
songbird community. Functional Ecology 33:1973-1981.

Murphy, M. T., and R. C. Fleischer. 1986. Body size, nest preda-
tion, and reproductive patterns in brown thrashers and other
mimids. Condor 88:446-455.

Nakagawa, S., and H. Schielzeth. 2010. Repeatability for Gaussian
and non-Gaussian data: a practical guide for biologists. Bio-
logical Reviews 85:935-956.

Nana, E. D,, O. Sedlacek, J. Dolezal, M. Dancdk, J. Altman, M.
Svoboda, L. Majesky, et al. 2015. Relationship between survival
rate of avian artificial nests and forest vegetation structure along
a tropical altitudinal gradient on Mount Cameroon. Biotropica
47:758-764.

Nice, M. M. 1957. Nesting success in altricial birds. Auk 74:305-321.

Oniki, Y. 1985. Why robin eggs are blue and birds build nests: sta-
tistical tests for Amazonian birds. Ornithological Monographs
536-545.

Peters, R. H. 1983. The ecological implications of body size.
Cambridge University Press, Cambridge.

Pietz, P.J., and D. A. Granfors. 2005. Parental nest defense on video-
tape: more reality than “myth.” Auk 122:701-705.

Pietz, P.]., D. A. Granfors, and C. A. Ribic. 2012. Knowledge gained
from video-monitoring grassland passerine nests. Pages 3-22 in
C. Ribic, F. Thompson III, and P. Pietz, eds. Video surveillance
of nesting birds. University of California Press, Berkeley.

Remes, V. 2007. Avian growth and development rates and age-
specific mortality: the roles of nest predation and adult mortal-
ity. Journal of Evolutionary Biology 20:320-325.

Remes, V., and T. E. Martin. 2002. Environmental influences on
the evolution of growth and developmental rates in passerines.
Evolution 56:2505-2518.

Remes, V., B. Matysiokovd, and A. Cockburn. 2012a. Long-term
and large-scale analyses of nest predation patterns in Australian
songbirds and a global comparison of nest predation rates. Jour-
nal of Avian Biology 43:435-444.

. 2012b. Nest predation in New Zealand songbirds: exotic
predators, introduced prey and long-term changes in predation
risk. Biological Conservation 148:54-60.

Renfrew, R. B,, and C. A. Ribic. 2003. Grassland passerine nest pred-
ators near pasture edges identified on videotape. Auk 120:371-383.

Rensch, B. 1959. Evolution above the species level. Columbia Uni-
versity Press, New York.

Revell, L. J. 2012. Phytools: an R package for phylogenetic compar-
ative biology (and other things). Methods in Ecology and Evo-
lution 3:217-223.

Reznick, D., M. J. Bryant, and F. Bashey. 2002. r- and K-selection
revisited: the role of population regulation in life-history evolu-
tion. Ecology 83:1509-1520.

Ricklefs, R. E. 1969. An analysis of nesting mortality in birds.
Smithsonian Contributions to Zoology 9:1-48.

. 1977. Reactions of some Panamanian birds to human in-

trusion at the nest. Condor 79:376-379.

Body Size and Nest Predation in Birds 753

Robinson, W. D., T. R. Robinson, S. K. Robinson, and J. D. Brawn.
2000. Nesting success of understory forest birds central Panama.
Journal of Avian Biology 31:151-164.

Rodewald, P., ed. 2018. The birds of North America. https://
birdsna.org. Cornell Laboratory of Ornithology, Ithaca, NY.
Saether, B. E. 1989. Survival rates in relation to body weight in Eu-

ropean birds. Ornis Scandinavica 20:13-21.

Salo, P., E. Korpimiki, P. B. Banks, M. Nordstrom, and C. R.
Dickman. 2007. Alien predators are more dangerous than native
predators to prey populations. Proceedings of the Royal Society
B 274:1237-1243.

Schoener, T. W., and D. H. Janzen. 1968. Notes on environmental
determinants of tropical versus temperate insect size patterns.
American Naturalist 102:207-224.

Shaffer, T. L. 2004. A unified approach to analyzing nest success.
Auk 121:526-540.

Shipley, B. 2000. Cause and correlation in biology: a user’s guide to
path analysis, structural equations and causal inference. Cam-
bridge University Press, Cambridge.

. 2004. Analysing the allometry of multiple interacting traits.
Perspectives in Plant Ecology, Evolution, and Systematics 6:235-241.

Skutch, A. F. 1949. Do tropical birds rear as many young as they
can nourish? Ibis 91:430-455.

. 1985. Clutch size, nesting success, and predation on nests
of Neotropical birds, reviewed. Ornithological Monographs
36:575-594.

Slagsvold, T. 1989. On the evolution of clutch size and nest size in
passerine birds. Oecologia 79:300-305.

Snow, D. W. 1978. The nest as a factor determining clutch-size in
tropical birds. Journal of Ornithology 119:227-230.

Sol, D, F. Sayol, S. Ducatez, and L. Lefebvre. 2016. The life-history
basis of behavioural innovations. Philosophical Transactions of
the Royal Society B 371:20150187.

Tacutu, R, D. Thornton, E. Johnson, A. Budovsky, D. Barardo, T.
Craig, E. Diana, et al. 2018. Human ageing genomic resources:
new and updated databases. Nucleic Acids Research 46:D1083-
D1090.

Thompson, F. R. 2007. Factors affecting nest predation on forest
songbirds in North America. Ibis 149:98-109.

Thompson, F. R, and D. E. Burhans. 2003. Predation of songbird
nests differs by predator and between field and forest habitats.
Journal of Wildlife Management 67:408.

Thompson, F. R., T. M. Donovan, R. M. DeGraff, J. Faaborg, and
S. K. Robinson. 2002. A multi-scale perspective of the effects of
forest fragmentation on birds in eastern forests. Studies in Avian
Biology 25:8-19.

Unzeta, M., T. E. Martin, and D. Sol. 2020. Data from: Daily nest
predation rates decrease with body size in passerine birds. Amer-
ican Naturalist, Dryad Digital Repository, https://doi.org/10.5061
/dryad.4f4qrfj8z.

von Hardenberg, A., and A. Gonzalez-Voyer. 2013. Disentangling
evolutionary cause-effect relationships with phylogenetic confir-
matory path analysis. Evolution 67:378-387.

Watson, D. M. S. 1949. The evidence afforded by fossil vertebrates
on the nature of evolution. In G. L. Jepson, G. G. Simpson, and
E. Mayr, eds. Genetics, paleontology and evolution. Princeton
University Press, Princeton, NJ.

Weidinger, K. 2002. Interactive effects of concealment, parental
behaviour and predators on the survival of open passerine nests.
Journal of Animal Ecology 71:424-437.




754 The American Naturalist

. 2004. Relative effects of nest size and site on the risk of Wiklund, C. G., and M. Andersson. 1994. Natural selection of col-
predation in open nesting passerines. Journal of Avian Biology ony size in a passerine bird. Journal of Animal Ecology 63:765-
35:515-523. 774.

Werner, E. E,, and J. F. Gilliam. 1984. The ontogenetic niche and
species interactions in size-structured populations. Annual Re- Associate Editor: Christina Riehl
view of Ecology and Systematics 15:393-425. Editor: Russell Bonduriansky

“Polypeutes tricinctus, three-banded Armadillo.” From the review of The Standard Natural History (The American Naturalist, 1884,
18:166-168).



