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abstract: Abiotic factors exert direct and indirect influences on be-
havioral, morphological, and life-history traits. Because some of these
traits are related to reproduction, there is a causal link between climatic
conditions and the expression of reproductive traits. This link allows
us to generate predictions on how reproductive traits vary in large geo-
graphic scales. Here we formalize this macroecological framework, pre-
sent some general predictions, and explore empirical examples using
harvestmen as study organisms. Our results show that the length of
breeding season in harvestmen is primarily influenced by the number
of warm months and that precipitation plays a secondary role in mod-
ulating the period devoted to reproduction. Moreover, we show that
the probability of resource defense polygyny increases with longer
breeding seasons and that the presence of this type of mating system
positively affects the magnitude of sexual dimorphism in harvestmen.
Finally, the presence of postovipositional parental care is also influ-
enced by the length of breeding season but not by actual evapotran-
spiration, which is our proxy for the intensity of biotic interactions. We
argue that the macroecological framework proposed here may be a
fruitful field of investigation, with important implications for our un-
derstanding of sexual selection and the evolution of reproductive traits
in both animals and plants.

Keywords: biotic interactions, life-history trade-offs, mating system,
parental care, precipitation, sexual dimorphism, temperature.

Introduction

The exuberant variety of animal life forms in the tropics,
with their many shapes, sounds, smells, and colors, have
lured naturalists for centuries. Darwin himself was amazed
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by such diversity and was the first to suggest that many
of these traits were not the result of natural selection but
rather of an additional and sometimes opposite selective
force he called sexual selection (Darwin 1871). Does this
imply that sexual selection is stronger in the tropics when
compared with temperate or cold regions? Although sex-
ual selection is most likely affected by environmental con-
ditions that follow geographical patterns, behavioral ecolo-
gists and evolutionary biologists are still unable to answer
these kinds of questions. Moreover, considering that a great
deal of the empirical studies on sexual selection have been
conducted under controlled laboratory conditions and that
fieldwork on the subject is still concentrated in temperate
regions, it is not surprising that the gap of information on
species from other parts of the globe hampers any gener-
alization about large-scale patterns (Macías-Ordóñez et al.
2013).
There seems to be a widespread view that also constrains

the potential to address large-scale evolutionary questions:
the notion that the tropics are a homogeneous region where
temperatures are warm, precipitation is high, and the be-
nign environmental conditions permit the growth of trop-
ical rain forests, with rich flora and fauna. This oversimpli-
fication has already been pointed out long ago by Darlington
(1958), who acknowledged that “many definitions are pos-
sible and no simple one is entirely satisfactory, for the trop-
ics vary in climate (wet to dry), vegetation (rain forest to
desert), and animal life” (p. 492). In fact, the tropics have
been defined in many very different ways, and thus their
limits vary depending on the discipline and criteria consid-
ered (Macías-Ordóñez et al. 2013). Interestingly, there is
another oversimplification when “temperate” is defined as
anything “nontropical,” thus ignoring a wide variety of en-
vironmental conditions that include not only temperate but
truly cold regions. As shown in figure 1, both tropical and
temperate regions include a great mosaic of climate types,
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which are clearly not distributed along a simple latitudinal
gradient.

If we are interested in the study of selective forces shap-
ing reproductive traits on a large geographic scale, it is nec-
essary to be specific about the environmental conditions
shaping those forces. Climate probably offers the most in-
dependent array of environmental variables influencing
the forces of natural and sexual selection. Therefore, by us-
ing climatic variables, we may gain more insights into the
selective forces shaping reproductive traits, thus avoiding
the so-called temperate assumptions. This notion has re-
cently been explored in the first chapter of the book Sexual
Selection: Perspectives andModels fromtheNeotropics,where
Macías-Ordóñez et al. (2013) proposed a macroecological
framework for studying the large-scale influence of climate
on reproductive traits. Rather than simply searching for
global patterns, the aim of the chapter was to propose a
hypothesis-driven approach of testing observations against
predictions on how reproductive traits should vary across
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large geographical scales. These predictions were mostly
based on information provided by small-scale studies on
physiology, life history, and mating systems.
Here we revise and update this macroecological frame-

work in order tomake it available for a broader audience. Ad-
ditionally, we provide empirical examples of the hypothetico-
deductive approach, in which we investigate the possible
influence of environmental factors on the reproductive biol-
ogy of a diverse arthropod group, the order Opiliones. For
this major arachnid group, we have a data set on the length
of breeding season, type of mating system, magnitude of sex-
ual dimorphism, and presence or absence of postoviposi-
tional parental care for a large and representative sample
of species widely distributed in many climate types. With
the working examples, we intend to show that the mac-
roecological framework provides a fruitful field of inves-
tigation, with important implications for our understand-
ing of sexual selection and the evolution of reproductive
traits.
Figure 1: Köppen-Geiger climate classification map (modified from Peel et al. 2007). The aim of this figure is to show that climate types
(identified with different colors) hardly follow a latitudinal pattern in large continental areas, such as southwestern North America, western
South America, and central Asia, where complex topography influences temperature and precipitation patterns, resulting in an extremely
patchy distribution of environmental conditions. In these large areas, latitude alone would represent only a small fraction of the variance
of climatic conditions, resulting in a poor proxy for them. The dashed line crossing the equator, for instance, intercepts eight climate types,
which are tightly associated with biomes as different as deserts (red areas) and tropical rain forests (dark blue areas). The solid lines indicate
the limits of the tropical region, where a mosaic of climate types, ranging from hot-humid to mild-dry, can be found. An even greater di-
versity of climate types is found outside the tropical region, the region we call temperate.
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Macroecology of Sexual Selection

The great majority of macroecological studies investigate
large-scale spatial variation in species richness, abundance,
distribution, and body size (Ricklefs and Schluter 1993;
Gaston and Blackburn 2000). The main explanation for
some of the large-scale patterns found in these macroeco-
logical studies is directly connected to variation in physio-
logical responses (Chown and Nicolson 2004). For instance,
interspecific differences in the limits of tolerance to abiotic
factors have been considered one of the most important
factors to explain the taxonomically widespread pattern of
latitudinal decrease in species richness (Willig et al. 2003).
According to Stevens (1989), species from high latitudes
have wider tolerance to climatic variability than species from
low latitudes. Therefore, species from high latitudes have
few constraints to expand their lower limits of distribution,
whereas species from low latitudes are constrained by their
upper limits of distribution. The predicted consequence of
this hypothesis is an inflation of species richness at low lat-
itudes through greater emigration rates of species from high
latitudes (Pintor et al. 2015). Explanations for macroevolu-
tionary patterns in body shape and size—namely, Allen’s
rule and Bergmann’s rule—also rely on physiology. Allen’s
rule states that endotherms from colder climates have rela-
tively shorter limbs than their relatives fromwarmer climates,
whereas Bergmann’s rule states that animal species from colder
climates are larger than their relatives fromwarmer climates.
A decrease in the surface-volume ratio increases heat conser-
vation in species from colder climates, explaining the mac-
roecological variation in both relative limb length and body
size (Gaston and Blackburn 2000).

Perhaps one of the most intensively studied morpholog-
ical traits in any animal group is sexual size dimorphism,
which has been approached under macroevolutionary and
macroecological perspectives since the nineteenth century
(Fairbairn 2007). Rensch’s rule, for instance, states that the
body size of the larger sex varies, or evolutionarily diverges,
more than the body size of the smaller sex among species
within a lineage. This allometric pattern has already been
demonstrated for several animal groups, including verte-
brates and invertebrates (examples in Fairbairn et al. 2007).
Recent studies on phenotypic plasticity have also shown that
populations of several arthropod species experiencing differ-
ent temperatures in nature exhibitmarked differences in sexual
size dimorphism, even when there is no genetic differentia-
tion in size among populations (Stillwell et al. 2010). Regard-
less of the cause, the consequences of geographic variation in
sexual size dimorphism in terms of sexual selection remain
poorly explored.

In contrast to the large-scale studies investigating varia-
tion in ecological or morphological attributes exemplified
above, studies investigating how reproductive or sex-specific
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traits vary geographically in response to environmental fac-
tors are comparatively scarce (Macías-Ordóñez et al. 2013).
Most of the multispecies macroecological studies focusing
on reproductive traits have been conducted with vertebrates,
including fish (Conover 1992), amphibians (Gomez-Mestre
et al. 2012), mammals (Ebensperger et al. 2012), and espe-
cially birds (Cardillo 2002; Pienaar et al. 2013; Lawson and
Weir 2014; Dale et al. 2015). Latitudinal variation in clutch
size and incidence of cooperative breeding in birds, for in-
stance, has long been debated. Several environmental factors
have been evoked to explain the evolutionary causes of intra-
and interspecific clutch size variation, including predation
pressure, seasonal variation in resource availability, abiotic
factors that limit adult populations during the nonreproduc-
tive period, and heat exchange between eggs and the envi-
ronment (Martin et al. 2000; Ricklefs 2000; Cooper et al.
2005 and Jetz et al. 2008). Cooperative breeding, in turn, is
usually explained by low annual adult mortality, which is as-
sociated with increasing sedentariness and decreased envi-
ronmentalfluctuation (Arnold andOwens 1998; Jetz andRu-
benstein 2011).
Although empirical studies of clutch size and cooperative

breeding in birds provide clear evidence of broadscale var-
iation in reproductive traits, most seek to understand the
underlying processes using the simplistic dichotomy be-
tween temperate and tropical regions or, at best, using lat-
itude as an explanatory variable. There are some exceptions,
such as the article by Ricklefs (1980), who provides a test for
Ashmole’s (1963) hypothesis, according to which clutch
size in birds should vary in direct proportion to the degree
of seasonal fluctuation in the level of resources utilized by a
population. The author showed that clutch size is inversely
related to the ratio betweenwinter and summer actual evapo-
transpiration (a proxy of primary production).More recently,
Jetz et al. (2008) tested how biotic and abiotic factors influ-
ence clutch size in birds. They found that clutch size is con-
sistently larger in cavity nesters and in species occurring in
seasonal environments, which provides additional support
to Ashmole’s (1963) hypothesis. Finally, Jetz and Rubenstein
(2011) showed that between-year environmental variability
in precipitation is an important predictor of the incidence
and distribution of cooperative breeding in birds. Taken to-
gether, the findings reported in these three studies reinforce
the notion that if we want to understand the macroecology
of reproductive traits, we need to be explicit about the selec-
tive pressures that may shape these traits. Moreover, they also
illustrate the hypothesis-driven macroecological approach
that we are going to develop hereinafter.
Abiotic factors may exert both direct and indirect influ-

ences on behavioral, morphological, physiological, and life-
history traits (Bradshaw 2003; Chown and Nicolson 2004).
At least some of these traits are directly or indirectly related
to reproduction and are under sexual selection.We argue that
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life-history theory offers a good starting point for a predic-
tive framework on how large-scale variations in environ-
mental conditionsmay influence reproductive traits (Ricklefs
and Wikelski 2002). According to this theory, limited re-
sources must be partitioned into three main fitness compo-
nents: (1) somatic effort, comprising actions that increase
individual development,maintenance, and survival; (2)mat-
ing effort, comprising actions to acquire sexual partners; and
(3) parental effort, comprising actions that increase offspring
fitness (Magrath and Komdeur 2003). An increase in the re-
sources allocated to one of these fitness components implies
a decrease in the resources allocated to one or both of the
other components (Roff 2002). Therefore, individuals should
be selected to maximize their lifetime reproductive success
by optimizing resource allocation to these three components
in each breeding attempt. Any environmental factor that
changes the fitness profit for one component will have a di-
rect effect on the other components. For example, if climatic
seasonality constrains the breeding season to only a few
months, the net benefit of mating effort compared with pa-
rental effort is expected to be higher because caring activities
are usually time-consuming and males may increase their re-
productive success by allocating more time and/or energy
into searching for mating partners.

Another possible connection between environmental con-
ditions, life history, and reproduction is the effect of parasit-
ism on sexually selected traits. There is some empirical evi-
dence that parasitism is more prevalent in hot-humid climates
(Schemske et al. 2009). Considering that resistance and im-
mune response against parasites are costly (whether alone or
in combination) and may impose resource allocation trade-
offs, other fitness components, such as mating effort, may be
compromised when parasitism is intense (Lawniczak et al.
2007). In insects, for instance, the main immune response
involves encapsulation of the parasite via the phenoloxidase
cascade and subsequent melanization of the encapsulated
parasite (Schmid-Hempel 2005). The same biochemical pre-
cursors involved in immune response are also responsible
formelanin-based, sexually selected ornaments, such as wing
pigmentation in odonates (Siva-Jothy 2000). Therefore, si-
multaneous investment in immune defense and sexual dis-
playsmay impose allocation trade-offs (Zuk and Stoehr 2002).
Similar allocation trade-offs also occur with the carotenoid-
based sexual ornaments of many birds (Baeta et al. 2008)
and fish (Clotfelter et al. 2007). Contrary to the melanin-
based ornaments of insects, carotenoids are obtained exclu-
sively from the diet but are also used to enhance immune re-
sponse (Olson and Owens 1998; Blount et al. 2003; McGraw
and Ardia 2003). All else being equal, the macroecological
prediction is that males from sites where parasitism is more
intense (probably hot-humid climates) should be more or-
namented becausemelanin- and carotenoid-based sexual or-
naments may signal immunocompetence.
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Finally, mating system theory also provides a fruitful the-
oretical background for understanding large-scale variations
in reproductive traits. The distribution and limitation of key
resources for reproduction in time and space predict the op-
timal set of mating strategies in a population (Emlen and
Oring 1977; Shuster and Wade 2003). As mentioned above,
strong climatic seasonalitymay constrain the length of breed-
ing season to only a short period, during which high syn-
chrony in mating activity should be expected. Among uni-
voltine species, for instance, individuals that take longer to
be sexually mature can lose mating opportunities (mostly
males) and have less time to eat and produce gametes (mostly
females). In this situation, males and females should be se-
lected to be reproductively active at the same time, and even
males with high competitive ability may have limited oppor-
tunities to monopolize a great number of females, so that
variance in male reproductive success should be low (Ims
1988; Grant et al. 1995). In contrast, a longer breeding sea-
son may allow females to be reproductively active in an
asynchronous manner, so that the most competitive males
may be able to sequentially monopolize a much larger num-
ber of females, which leads to higher variance in male repro-
ductive success. Additional predictions will be explored in
more detail below, and our goal here is just to highlight that
climatic conditions may affect the relative amount and di-
versity of available resources, as well as their temporal and
spatial distributions. Therefore, we expect different selective
pressures on reproductive strategies under different climatic
regimes and, thus, variation in mating systems and a whole
array of aspects associated with reproductive ecology. These
include, among others, the length of breeding season, the
type of mating system (i.e., the strategy of mate acquisition
and the amount and distribution of time allocated to paren-
tal care), and the degree of sexual dimorphism.
Macroecological Predictions

Based on the macroecological framework presented above,
we now develop general predictions within a bidimensional
environmental matrix composed of two interacting vari-
ables: temperature and precipitation. This matrix contains
the following four extreme conditions and all possible inter-
mediate states: hot-humid, hot-dry, cold-humid, and cold-
dry. Some broad environmental gradients may be suggested
in this bidimensional space covering most climatic condi-
tions. Energetic demands, for instance, should be higher in
cold climates compared with regions where temperatures are
closer to those required for metabolic processes (Willmer
et al. 2000). Thismay have consequences for self-maintenance
and reproductive effort, as well as for offspring demands and
mortality. Water loss in drier areas also results in physiolog-
ical constraints that may shape self-maintenance and repro-
duction, especially inwater-sensitive groups, such as amphib-
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ians andmany arthropods. An overall abundance of resources
may be expected in regions with hot-humid climates due to
higher energy and water and nutrient availability (Moya-
Laraño 2010), which may result in higher food input and
an overall attenuation of life-history trade-offs (Harshman
and Zera 2007). Finally, biotic interactions seem to be more
important in hot-humid climates, where vector-borne para-
sites, pathogenic diseases, and predation are probably more
frequent or intense (Schemske et al. 2009).

Regardless of mean annual temperature and precipitation
at a given area, both climatic variables have region-specific
patterns of seasonality that dictate the combination of envi-
ronmental conditions that result in actual selective pres-
sures. Mean annual temperature and temperature seasonal-
ity are highly correlated, because both covary with distance
to the equator. Annual precipitation and precipitation sea-
sonality, however, may bemore independent from each other
as they result from a wide and somewhat different array of
geographical factors. As a result, when building detailed
macroecological predictions on reproductive traits, it may
be appropriate to consider environmental variables along
three somewhat independent main axes: one related to tem-
perature that implies an unavoidable correlation between
mean annual temperature and temperature seasonality, one
representing the amount of precipitation, and another rep-
resenting the temporal distribution of precipitation. The se-
lection of these axes may be dictated by group-specific phys-
iological constrains. Temporal distribution of rainfall, for
instance, may be assumed to play a relatively unimportant
role in some groups not highly dependent on water but a
prominent one in other groups with life histories tightly tied
to pulses of water availability.

Macías-Ordóñez et al. (2013) derived specific macroeco-
logical predictions for three groups of land animals, namely,
arthropods, ectothermic vertebrates, and endothermic ver-
tebrates. For the sake of conciseness, here we focus on land
arthropods, which include representatives of four major
groups: insects, arachnids, myriapods (centipedes and mil-
lipedes), and crustaceans of the order Isopoda (woodlice).
These groups comprise the great majority of species in ter-
restrial environments, and there is no doubt that the diver-
sity of their morphologies and behaviors can prevent gen-
eralizations. Nonetheless, arthropods share general features
that allow us to predict how they respond physiologically
to temperature and precipitation. For example, water loss
rates in arthropods vary with relative humidity, which is
highly correlatedwith total rainfall.Moreover, there is a neg-
ative relationship between standard metabolic rate and en-
vironmental temperature. These patterns of variation would
not be detectable if arthropods showed a wide array of phys-
iological responses to the environment. Thus, despite all var-
iation associated with feeding habit, age, and body size in
arthropods, there is growing evidence that a considerable
This content downloaded from 134
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proportion of the variation in physiological traits is parti-
tioned at high taxonomic levels, such as family or order
(Chown andNicolson 2004). Some of these phylogenetically
conserved physiological traits are directly or indirectly re-
lated to reproduction, which allows us to derive large-scale
predictions about the effects of climate on reproductive traits,
including both morphology and behavior. These predic-
tions, however, should be viewed mostly as examples of the
hypothetico-deductive approach we are proposing. When-
ever possible, specific information on the ecology and natu-
ral history of the study group should be used to strengthen
the predictive power of the macroecological framework (see
examples in the section “Macroecology of HarvestmanMat-
ing Systems”).
Just as they affect many other animal groups, abiotic fac-

tors, such as low temperatures, limit the occurrence of arthro-
pods in cold climates. Although some species have specialized
physiological mechanisms to resist freezing temperatures
during cold periods, most species go through their entire life
cycles in the warmmonths, when they grow fast, reproduce,
and eventually die (Chown and Nicolson 2004). A short pe-
riod of favorable climatic conditions probably constrains de-
velopmental time, leading to fast sexual maturity and small
body sizes in annual species. Therefore, time-consuming ac-
tivities, such as postovipositional parental care, are expected
to be rare. Semelparity should be the rule, and females should
lay a large number of eggs, hiding them in protected places,
where they will probably overwinter (Tallamy and Schaeffer
1997; Tallamy and Brown 1999; Machado and Raimundo
2001). A final consequence of a short breeding season, when
a large number of individuals are reproductively active at the
same time, is that the most frequent mating system should
be a scramble competition polygyny. As predicted by theory,
a large number ofmales within the searching areamakes ter-
ritoriality unprofitable (Emlen and Oring 1977; Thornhill
and Alcock 1983). Moreover, an experimental study with a
beetle species has shown that smaller males—that is, those
that probably developed at faster rates—are better scramble
competitors at cooler temperatures (Moya-Laraño et al. 2007).
This result, obtained under laboratory conditions, suggests
that climate may also have an important role in influencing
male development, size, and mating success in the field.
At the other extreme, species living in regions with hot-

humid climates, with abundant resources throughout the
year, are probably subject to intense predation and fungi in-
fection on eggs, which may increase the benefits of posto-
vipositional parental care in terms of offspring protection
against natural enemies (Wilson 1975). Moreover, high tem-
peratures should accelerate embryonic development, so that
the foraging costs associated with a long period of parental
care are expected to be low. For predators, which are gener-
ally food-deprived while caring for offspring (Thomas and
Manica 2003), parental care is expected to be followed by
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a fast period of production and maturation of new eggs as a
direct consequence of abundant food sources. Even for spe-
cies that do not exhibit any form of postovipositional pa-
rental care, favorable and stable climatic conditions should
favor iteroparity so that individuals may have several repro-
ductive events throughout the year. Because the breeding
season is long, there would be no selective pressure favoring
reproductive synchrony, and at any given moment, popula-
tions should be composed of both receptive and non-
receptive individuals. Moreover, considering thatmale gam-
etes are usually replenished faster than female gametes, a
high degree of female reproductive asynchrony would result
in a more male-biased operational sex ratio and potentially
stronger sexual selection in species with no paternal care
(Ims 1988; Shuster andWade 2003). Themost commonmat-
ing system under this scenario should be some kind of re-
source or female defense polygyny, and male-male fights
should be more frequent and/or intense (Emlen and Oring
1977; Thornhill andAlcock 1983). In fact, one of the few em-
pirical studies using the macroecological framework pre-
sented here has shown that mean duration of male-male
fights is longer in butterfly species living in areas with more
stable climatic conditions when compared with species liv-
ing in areas with marked temperature and precipitation sea-
sonality, where the breeding season is usually shorter (Pei-
xoto et al. 2014). The authors interpret this pattern as the
result of higher payoffs accrued with territorial defense in
areas where the breeding season is long and female receptiv-
ity is asynchronous.
Macroecology of Harvestman Mating Systems

Behavioral data accumulates at a much lower rate than data
on species richness or body size, which may explain why a
macroecology of reproductive traits has lagged behind in
many animal groups, particularly invertebrates. Here we
adopt the macroecological framework presented above and
use recent techniques of phylogenetic control to understand
the influence of climate on two components of the mating
system, the strategy of mate acquisition and the presence of
parental care, and on two traits associated with the intensity
of sexual selection, the length of breeding season and sexual
dimorphism.Ourmodel organisms are representatives of the
order Opiliones, commonly known as harvestmen or daddy
longlegs. The order is composed of nearly 6,500 species dis-
tributed in all continents (except for Antarctica) and divided
in four living suborders, namely, Cyphophthalmi, Eupnoi,
Dyspnoi, and Laniatores (Machado et al. 2007; Kury 2012).
Like many arthropod groups, harvestman species are absent
at the lower ends of humidity and temperature ranges but are
both diverse and abundant in environments with moderate-
to-high temperature and humidity (Curtis and Machado
2007). The large surface/volume ratio (typical of long-legged
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arthropods), lack of spiracular control, and low osmotic he-
molymph concentration of these species may explain why
most occur in damp and shaded areas (Santos 2007).
The great majority of harvestman species reproduce sex-

ually and are highly polygynandrous, so that both males
and females copulate with multiple mates throughout the
breeding season (Machado and Macías-Ordóñez 2007). The
most common mating system in harvestmen seems to be
scramble competition polygyny (Buzatto et al. 2013). Inmany
species studied so far, females lay eggs on sites that cannot be
profitably monopolized by males, such as the bark of trees
and leaf litter (Machado et al. 2015). Another widespread
mating system in harvestmen is resource defense polygyny,
in which males fight each other for the possession of repro-
ductive territories that are visited by females looking for par-
ticular oviposition sites (Buzatto and Machado 2014). The
reproductive territories include natural cavities on trunks and
riverside banks, rocks, specific host plants, andmudnests built
by males. In some species, females remain inside the male’s
territory after oviposition, forming harems, whereas in other
species, females abandon themale’s territory after oviposition,
leaving their eggs either hidden inside small cracks in the sub-
strate or under themale’s guard (Machado et al. 2015). Post-
ovipositional parental care has evolved many times inde-
pendently in the suborder Laniatores, with both exclusive
maternal and paternal care being reported for many spe-
cies. The main benefit provided by the parents is protection
against egg predators, but in at least one species, caring males
can actively clean the eggs and prevent fungal infection (Ma-
chado and Macías-Ordóñez 2007).
Although our understanding of harvestman reproduc-

tion is still incipient in many aspects (Machado et al. 2015),
there is enough information on reproductive phenology,mat-
ing system, sexual dimorphism, and postovipositional pa-
rental care for a great number of species occurring in differ-
ent climate types worldwide to allow comparative analyses.
The group, therefore, offers a goodopportunity to testmacro-
ecological predictions. In fact, preliminary analyses have al-
ready been conducted by Buzatto et al. (2013), who investi-
gated the role of temperature and precipitation on the length
of breeding season and on the presence of postovipositional
parental care in harvestmen.Herewe revisit these same ques-
tions with a larger number of species and reanalyze the data
using continuous climatic variables rather than climate types.
This reanalysis also includes more information on harvest-
men physiology (see below), so that the connection between
process and pattern, which is the philosophical basis of our
macroecological framework, has been strengthened. More-
over, we included new analyses on the role of breeding sea-
son length in the type of mating system and the magnitude
of sexual dimorphism. All the analyses presented here greatly
benefited from recent phylogenies for some taxa whose inter-
nal relationships were previously obscure.
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Length of Breeding Season

Reproduction is universally triggered by environmental con-
ditions, and arthropods are no exception. Despite the incred-
ible diversity of arthropod species, reproductive activities,
such as courtship, mating, oviposition, and postovipositional
parental care are frequently concentrated in the period of the
year with adequate environmental conditions for adult activ-
ity. Therefore, climate should have a marked effect on the
length of breeding season in the group (Wolda 1988; Corbet
et al. 2006). In order to create macroecological predictions
for the length of breeding season in harvestmen, we need first
to know how temperature and humidity influence adult ac-
tivity and survival. There are only a few physiological studies
on this subject, but the results they report are highly consis-
tent, regardless of species or region of the study (table A1;
tables A1–A5 available in the online appendix).

Although harvestman eggs and sometimes early hatched
nymphs are remarkably resistant to temperatures as low as
2307C, lethal temperatures for adults range from 257C to
37C (Cokendopher and Jones 1991; Novak et al. 2004; Punzo
et al. 2007; Leirikh et al. 2009). In a few species, adults survive
harsh winter conditions with temperatures below freezing
point, but in all these cases, individuals hide or hibernate
in protected places, such as inside caves, where temperatures
are consistently higher than the external environment (Belo-
zerov 2012).Moreover, studies on temperature preference for
several harvestman species worldwide, including representa-
tives from both hot and cold climates, show that adults have
a preference for warm temperatures, with a mean of 187C
(range p 3:47–297C; n p 22 species; table A1). Taken to-
gether, these results indicate that low temperatures severely
limit adult activity and survival and, consequently, will have a
major role in determining the period of reproductive activity.

The length of breeding season in harvestmenmay also be
modulated by precipitation, which greatly determines air
humidity. As mentioned above, harvestmen are particularly
sensitive to dehydration; eggs, nymphs, and adults die within
a few hours or days if maintained under constant dry con-
ditions (Todd 1949; Edgar 1971; Hebling-Beraldo and Men-
des 1982). However, it is important to note that air humidity
interacts with temperature to determine dehydration stress
and, thus, adult survival. At 107C, for instance, the harvest-
man Vonones ornatus (Laniatores) from southern Florida
lives on average 2.8 days under 12% of relative humidity (a
measure of water saturation of the air, which is temperature
dependent), whereas average survival at the same tempera-
ture but under 70% of relative humidity reaches 11.7 days
(Punzo et al. 2007). Therefore, high precipitation may im-
prove adult activity and survival regardless of temperature
by increasing air humidity and, thus, decreasing water loss.
Based on our knowledge of harvestmen physiology, we pre-
dict that the number of months with mean temperature
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above the lower lethal limit defines the phenological window
of adult activity and, consequently, the potential period for
reproduction in harvestmen. Within the phenological win-
dow of adult activity, we predict that the actual length of
breeding season is modulated by overall precipitation, so
that populations or species living in wet places will have lon-
ger breeding seasons when compared with their relatives liv-
ing in dry places.
We used the information on harvestmen physiology pre-

sented above to make informed decisions on how to use cli-
matic data to generate appropriate explanatory variables for
our comparative analyses. Based on the reasoning that the
main constraint to adult activity in harvestmen is tempera-
ture, we used the number of months with average temper-
ature higher than a minimum threshold as our first climatic
variable, which will hereafter be referred to as favorable
months.We repeated our analyseswith theminimum thresh-
olds of 57C and 107C to assess the sensitivity of our results to
the threshold chosen. Once we defined the favorablemonths,
we calculated the average monthly precipitation during this
period, whichwas our second climatic variable. Because sen-
sitivity to dehydration can modulate harvestmen resistance
to stressful temperatures, we predict that the length of breed-
ing season in the group will be determined by an interaction
between the number of favorable months and the average
precipitation during these months.
We gathered data on the length of breeding seasons by

searching the literature on harvestmen biology and contact-
ing several experts on the group to obtain additional infor-
mation. From each article, we extracted the geographic co-
ordinates of the population studied; when coordinates were
not available in the article, we used Google Maps (https://
maps.google.com) to obtain this information. Then, we used
WorldClim (http://www.worldclim.org) to obtain two cli-
matic variables for each locality: (1) the number of favorable
months, that is, those with an average temperature equal to
or higher than theminimum threshold for harvestmen adult
activity (57C or 107C, henceforth, T5 and T10, respectively);
and (2) the average monthly precipitation during the favor-
able months, considering the total precipitation accumu-
lated in this period (PP5 for T5 and PP10 for T10). Our data
set on the length of breeding seasons includes 94 species
belonging to 17 families and all four living suborders of
Opiliones. For 11 species, we found information for multi-
ple populations (two or three), leading to a total of 107 pop-
ulations spread across all continents (except Antarctica) and
a large variety of climate types (table A2). We then inferred
the phylogenetic relationships among the species included
in our data set based on several molecular and morpholog-
ical phylogenies (fig. A1a; figs. A1–A4 available in the online
appendix; Nexus file in part 1 of the additional supplements,
available online). Given that morphological phylogenies do
not provide information on branch length, we set all branch
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lengths to 1.Whenever different phylogenies disagreed in re-
lation to the position of a given taxon, we used polytomies to
indicate lack of information. Whenever we had information
on different populations of the same species, we also used
polytomies and set branch lengths to 0.1, given that such
populations must be more closely related to each other than
sister species. We checked the effect of this assumption on
our results by reanalyzing the data after setting branch
lengths of conspecific populations to 1, 0.01, or 0.001. Because
the patterns obtained with all branch lengths were qualita-
tively the same (data not shown), we present here only the
results regarding between-population branch length p 0:1.

Prior to the comparative analyses, we standardized the
variables of temperature (T5 and T10) and precipitation
(PP5 and PP10) to the same scale by centering their means
to zero and making their variances uniform by dividing
variables by two times their standard deviations. This stan-
dardization procedure improves model convergence and aids
the comparison of coefficients (Gelman 2008). Next, we used
model selection to analyze the influence of the standardized
variables and their interaction on the log-transformed pro-
portion of the year each species was reproductively active
(i.e., the length of their breeding seasons). First, we built a
set of candidate models that included a null model, three
models with every possible combination of the fixed effects
(T5/PP5 or T10/PP10), and the fully parameterized model
that included both fixed effects and their interaction. Then,
we ranked the five models on the basis of the bias-corrected
version of the Akaike information criterion (AICc; Burnham
and Anderson 2002).

We fit all models with phylogenetic generalized least
squares (Nunn 2011) as implemented in the function pgls
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(Freckleton et al. 2002) from the package caper (Orme et al.
2013) in R, version 3.1.3 (R Development Core Team 2015).
This approach is based on calculating the level of phyloge-
netic dependence between data points through maximum
likelihood and then taking this parameter (l) into account
when fitting a linear model to the data (Pagel 1999; Ives
and Garland 2010). Finally, we checked the best model for
normality of residuals by simulating 1,000 normal distribu-
tions with the same mean, standard deviation, and sample
size of the residuals from our model and testing these dis-
tributions against the actual residuals with Kolmogorov-
Smirnov tests.We considered the residuals normally distrib-
uted if these tests failed to detect significant differences in
at least 90% of the simulated distributions. We also checked
the minimal most likely model for multicollinearity using
the function corvif (Zuur et al. 2009) and for heteroscedas-
ticity using the function fligner.test, all in R, version 3.1.3
(R Development Core Team 2015). The scripts of the analy-
ses can be found in part 2 of the additional supplements.
The most likely model was the fully parameterized one

for both the analysis using T5 and PP5 and the analysis us-
ing T10 and PP10 (DAICc p 10:97 andDAICc p 2:58, re-
spectively, with the second-most likely model). These fully
parameterized models include the temperature and precip-
itation variables, as well as their interaction (table 1; fig. 2).
Both variables positively influenced the length of breeding
season in harvestmen, but as expected from our predictions,
the effect of the number of months with favorable tempera-
ture was stronger than the effect of the average precipitation
in these months (fig. 2). However, an adequate interpreta-
tion of these effects can be achieved only by taking into ac-
count the significant interaction between the two variables,
Table 1: Model selection for the effects of climatic conditions on the length of breeding season of 94 harvestman species
Threshold, fixed effects
 Log likelihood
 k
 AICc
.117.010.200
s and Conditi
DAICc
 on July 24, 201
ons (http://www
AIC weights
6 15:32:22 PM
.journals.uchicago.ed
Cumulative weights
Threshold of 57C:

T5 1 PP5 1 T5∶PP5
 281.35
 4
 171.08
 …
 .99
 .99

PP5
 288.97
 2
 182.06
 10.97
 .00
 1.00

T5 1 PP5
 288.16
 3
 182.56
 11.48
 .00
 1.00

Null (intercept only)
 291.56
 1
 185.15
 14.07
 .00
 1.00

T5
 291.28
 2
 186.68
 15.60
 .00
 1.00
Threshold of 107C:

T10 1 PP10 1 T10∶PP10
 283.14
 4
 174.66
 …
 .75
 .75

T10 1 PP10
 285.50
 3
 177.24
 2.58
 .21
 .96

T10
 288.36
 2
 180.84
 6.18
 .03
 .99

PP10
 290.09
 2
 184.30
 9.64
 .01
 1.00

Null (intercept only)
 291.56
 1
 185.14
 10.49
 .00
 1.00
Note: Fixed effects used were (i) the number of months with average temperature higher than a minimum threshold of 57C (T5) or 107C (T10), (ii) average
precipitation during those months (PP5 or PP10), and (iii) their interaction (T5∶PP5 or T10∶PP10). Log likelihood p the natural logarithm of the maximum
likelihood; kp the number of estimable parameters; DAICcp the difference between the corrected Akaike information criterion (AICc) of each model and the
AICc of the first model; AIC weights p the Akaike weights of each model; cumulative weights p the cumulative Akaike weights of each model and the models
above it. Models are ranked by increasing AICc values, and the minimal most likely model is indicated in boldface. All models were fit with phylogenetic gen-
eralized least squares.
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which was stronger in the analysis with T5 and PP5 than in
the analysis with T10 and PP10. The effect of the number of
months with favorable temperature was more important
when these months had at least 70 mm of average monthly
precipitation. Likewise, the effect of average precipitation
was more important when there were at least 6 months of
favorable temperature (fig. 2). The level of phylogenetic de-
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pendence on the length of breeding season was estimated to
be 0.58 and 0.33 for the analyses using the minimum tem-
perature thresholds of 57C (variables T5 and PP5) and 107C
(variables T10 and PP10), respectively.
The dominant effect of the number of months with fa-

vorable temperature (T5 and T10) on the length of breeding
season in harvestmen was to be expected because when av-
erage temperature is higher, thermal seasonality is weaker.
When this period is long enough, however, humidity seems
to play a more significant, but still secondary role. Con-
versely, the effect of temperature on the length of breeding
season is weaker in drier environments, illustrating how
low humidity may become a more relevant physiological
constrain for reproduction in such areas than temperature.
Overall, species in hot-humid versus cold-dry places seem
to have, respectively, very long versus very short breeding
seasons, more so than would be expected from the indepen-
dent effects of temperature and precipitation. This inter-
action seems to be even stronger when we include the tem-
perature range between 57C and 107C (T5∶PP5 versus T10∶
PP10; table 1), in which most harvestmen (or most arthro-
pods) may still show adequate physiological performance
in terms of maintenance, but probably few will perform en-
ergetically costly functions involved in reproduction, such as
mate search, territorial defense, or gamete production. The
temperature values used here, however, must be considered
as proxies, because standard conditions in which climatic
data are recorded are likely to differ from those experienced
by the study species. In the case of harvestmen, in which in-
dividuals are usually closely associated to the substrate, mi-
croclimatic conditions probably result in a few degrees more
than the recorded or modeled temperature for each site due
to the thermal buffer effect of the substrate (especially the leaf
litter).
Mating System and Sexual Dimorphism

As stated before, species or populations in cold-dry envi-
ronments with short breeding seasons will most likely expe-
rience high breeding synchrony, which should result in scram-
ble competition polygyny because males would be unable
to monopolize females or the resources they need to re-
produce. Conversely, in hot environments, especially where
humidity (precipitation) is high, we expect longer breeding
seasons and, thus, different degrees of breeding asynchrony.
This situation may lead, in combination with other demo-
graphic variables such as sex ratio or overall individual den-
sity, to a variety of mating systems, more frequently associ-
ated with female or resource defense. Given that female or
resource defense necessarily involves male-male aggressive
interactions (Andersson 1994), populations or species inhab-
iting hot-humid environments should exhibit more pro-
nounced male-biased sexual dimorphism, not only in body
Figure 2: Length of breeding season in harvestman species is influ-
enced by an interaction between the number of months with average
temperatures equal to or higher than the minimum threshold for
adult activity (A, 57C; B, 107C) and the average monthly precipitation
during those months. The data shown are the length of the breeding
season as a proportion of the year, thus varying from 0 to 1. Shades
of gray represent the predicted values from the minimal most likely
model (see table 1), and the size of the open circles is proportional
to the actual (rather than predicted) length of breeding season in each
population.
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size but also in a wide variety of male structures used as
weapons in intrasexual contests (examples in Emlen
2008). On the other hand, populations or species inhabiting
cold-dry environments and exhibiting a scramble competi-
tion polygyny should be less sexually dimorphic, and male
weaponry should be poorly developed or even completely
absent. Therefore, climate may have an important effect
both on the type of mating system (via length of breeding
season) and the magnitude of sexual dimorphism (via type
of mating system) of many species. Here we used behavioral
and morphological data on a large number of harvestman
species to test these macroecological predictions.

Although field studies specifically devoted to describe
harvestmanmating systems are relatively scarce (n p 5 spe-
cies), behavioral information on many species (n p 46) are
sufficiently detailed to provide a reasonable categorization
of their mate-acquiring strategy into either scramble compe-
tition or resource defense polygyny (table A3), which are the
two most common mating strategies in the order (Buzatto
et al. 2013; Machado et al. 2015). Following the rationale de-
scribed above, we investigated the potential positive effect of
the length of breeding season on the probability that a har-
vestman species or populationwill present a resource defense
polygyny, as opposed to the more common scramble com-
petition polygyny.We once again tested this prediction with
phylogenetic comparative methods, this time comparing a
model with the length of breeding season as the sole explan-
atory variable against a nullmodel (which had only the inter-
cept) through their AICc values. Both models had resource
defense polygyny (1) or scramble competition polygyny (0)
as a binomial response variable and were fit with phyloge-
netic logistic regression as implemented in the function
phyloglm from the package phylolm (Ho and Ané 2014)
in R, version 3.1.3 (R Development Core Team 2015). This
function also calculates the level of phylogenetic dependence
between data points (Pagel 1999; Ives and Garland 2010)
throughmaximum likelihood and takes it into account when
fitting generalized linear models to the data. Finally, we
checked the best model for overdispersion by dividing the
model’s residual deviance by its residual degrees of freedom.

We gathered information about the mating system of 59
populations (51 species) for which we had data on the length
of their breeding seasons, including representatives of the
four living suborders of Opiliones distributed across the
Americas, Europe, Asia, and Oceania. We inferred the phy-
logenetic relationship among species based on molecular
and morphological phylogenies (fig. A1b; Nexus file in part 1
of the additional supplements), setting all branch lengths to
1 (except for conspecific populations, where branch lengths
were set to 0.1). Polytomies indicated lack of information
whenever phylogenies disagreed, and we checked the impact
of branch lengths for conspecific populations on our results
by reanalyzing the data with these branches set to lengths of
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1, 0.01, or 0.001. Because the patterns obtained with all
branch lengths were again qualitatively the same (data not
shown), we present only the results with conspecific branch
lengths p 0:1. The scripts of the analyses can be found in
part 2 of the additional supplements.
The model that included the length of breeding season

was more likely than the null model (DAICc p 11:87), in-
dicating that, as expected, the probability of a species to
have a resource defense mating system is higher in species
with longer breeding seasons (fig. 3). The level of phyloge-
netic dependence on mating system type was estimated to
be 0.07, suggesting that mating systems in harvestmen are
extremely evolutionarily labile. In fact, two populations of
Leiobunum vittatum (Eupnoi) inhabiting regions with dif-
ferent climates and availability of breeding sites in North
America show marked differences in their mating systems.
In the population from eastern Pennsylvania, suitable sub-
strates for oviposition are limited to cracks in rocks, which
are patrolled and defended by males, as in a typical resource
defense mating system. In the population from central Mich-
igan, climate conditions are harsher and the breeding sea-
son is nearly 1 month shorter than in Pennsylvania. More-
over, females lay eggs inside fissures on fallen trunks, which
are widespread and abundant in the study site. As should
Figure 3: Probability that the mating system of a harvestman pop-
ulation is resource defense polygyny (1) or scramble competition po-
lygyny (0) depends on the proportion of the year adults are repro-
ductively active (length of breeding season). The curve represents
the predicted values from our model, and the size of the closed
circles is proportional to the number of species in each combination
of mating system type and length of breeding season.
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be expected, the mating system in this population is a scram-
ble competition polygyny, and agonistic interactions between
males are rare (Machado and Macías-Ordóñez 2007; Buzatto
et al. 2013).

After unveiling the effect of the length of breeding season
on the type of mating system, we investigated the subse-
quent effect of the type of mating systems on the magnitude
of sexual dimorphism in harvestmen. To this end, we used
taxonomic descriptions and other sources of information in
the literature to acquire data on sexual dimorphism in 10mor-
phological structures that are known to be used in male-male
contests (Buzatto et al. 2014; Machado and Buzatto 2014):
spines on the coxa, trochanter, femur, and tibia of the fourth
pair of legs (0 p absent or same size in males and females,
1 p larger or present only in males); femur length of the
fourth pair of legs, total length of the second pair of legs,
and body length (0 p male ≤ female, 1 p male 1 female);
cheliceral and pedipalpal robustness (0 p similar in males
and females, 1 p larger in males); and pedipalpal horns
(0 p absent in males and females, 1 p present only in
males). To build an index of sexual dimorphism, we summed
the scores of all body structures for each species. This index,
therefore, can range from 0 (when males are totally unarmed
and morphologically similar to females) to 10 (when males
are heavily armed and morphologically very different from
females). In total, we gathered information on sexual dimor-
phism for all species (n p 51) and populations (n p 59) for
which we have data on the type of mating system (table A4).
For this analysis, we had to make our phylogeny ultramet-
ric using the function compute.brlen in the package ape
(Paradis et al. 2004). Next, we edited branch lengths of con-
specific populations to make them one-tenth of the branch
length of sister species, consistent with our analyses of breed-
ing season length and mating system (fig. A1c; Nexus file in
part 1 of the additional supplements).

To investigate whether the expression of resource de-
fense polygyny was associated with stronger degrees of sex-
ual dimorphism, we used generalized mixed effects models
with the fixed effect of mating system type (scramble com-
petition or resource defense). The response variable was our
sexual dimorphism index, and consistent with the nature of
this index, we used a zero-inflated Poisson error distribu-
tion in our models, fit through a Bayesian approach imple-
mented in the packageMCMCglmm (Hadfield 2010b) in R,
version 3.1.3 (R Development Core Team 2015). According
to this approach, the structure of the phylogenies is ex-
pressed in a relatedness matrix A, in which element Aij is
the amount of time elapsed since the common ancestor of
the whole phylogeny (time root of the tree) until the last
common ancestor of taxa i and j. This relatedness matrix
is then used as the covariance structure for the random
effect of the terminal taxa in our phylogeny. We set up our
priors as list (R p list (V p diag (2), nu p 0:002, fixp 2),
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Gp list (G1p list (Vp 1, nu p 1, alpha:mu p 0, alpha:
V p 1000))), using parameter expansion for the phylog-
eny prior, following Hadfield (2010a). We ran three simul-
taneous Markov chain Monte Carlo (MCMC) chains for
5 million iterations, with a burn-in period of 4 million iter-
ations, after which the chains were sampled every 1,000th
iteration. Convergence of the chains were checked with Gel-
man and Rubin’s (1992) convergence diagnostic, and we also
checked the chains for autocorrelation with the function
autocorr in the package coda (Plummer et al. 2006). The
scripts of the analyses can be found in part 2 of the additional
supplements.
The 95% highest posterior density interval of the effect of

mating system on sexual dimorphism included only posi-
tive values in the three simultaneous MCMC chains that we
ran (0.57–1.78, 0.59–1.74, and 0.52–1.69). This result indi-
cates that higher degrees of sexual dimorphism were associ-
ated with resource defense polygyny (median p 4, range p
0–6), rather than with scramble competition (median p 1,
range p 0–4; fig. 4).
The causal link between the length of breeding season

and the type of mating system has been rarely explored in
any animal group, and our results clearly show that scram-
ble competition polygyny is prevalent in harvestman spe-
cies that experience short breeding seasons, whereas re-
Figure 4: Higher degrees of sexual dimorphism (measured by our
sexual dimorphism index; see text for details) in the harvestmen
are associated with resource defense mating systems (RDP), in com-
parison with scramble competition mating systems (SC). Boldface hor-
izontal lines represent medians, boxes represent interquartile ranges,
and whiskers represent minimum and maximum values, excluding out-
liers. Outliers are defined as lying at more (or less) than 1.5 times the
interquartile range above the upper quartile (or below the lower quartile)
and are represented by open circles.
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source defense polygyny occurs mostly among species with
long breeding seasons. Considering that the length of breed-
ing season seems to be directly influenced by abiotic factors
(fig. 2), such as temperature and precipitation, there is an in-
direct link between climatic conditions and the type of mat-
ing system. The type of mating system, in turn, has an effect
on the degree of sexual dimorphism in body structures re-
lated to male-male fights. As should be expected, species
or populations exhibiting resource defense were more sexu-
ally dimorphic than species exhibiting scramble competition.
Assuming that the intensity of sexual selection on males is
stronger in resource defense polygyny than in scramble com-
petition polygyny (Emlen andOring 1977; Shuster andWade
2003), we have a putative answer to the question raised in
the beginning of this article. Taken together, the results re-
ported here suggest that sexual selection may be stronger in
regions with hot-humid conditions (i.e., tropical climate),
where long breeding seasons favor resource or female de-
fense mating systems and, consequently, high male invest-
ment in body size and weaponry. In the future, it would be
important to investigate whether the patterns reported here
for harvestmen also hold for other taxa, including other ter-
restrial arthropods and vertebrates. Furthermore, it would
be interesting to test whether there is a link between envi-
ronmental conditions and direct measures of the intensity
of sexual selection.
Postovipositional Parental Care

Postovipositional parental care usually requires consider-
able adult longevity, because parents must not only survive
to oviposit but also live long enough to care for one or more
clutches (Tallamy and Wood 1986). All cases of postovi-
positional parental care in harvestmen are restricted to rep-
resentatives of the suborder Laniatores, which includes nearly
4,200 species distributed mainly between the tropical lines
(Kury 2012)―despite the fact that a large fraction of these
species is actually found in areas climatically classified as
temperate (Buzatto et al. 2013). There is little information
on adult lifespan for species of this suborder, but all spe-
cies studied so far live at least 1 year as adults (Gnaspini
2007). The other two most speciose suborders, Eupnoi and
Dyspnoi, comprise together nearly 2,200 species, distributed
mainly in temperate or cold regions (Kury 2012). In both
suborders, adult lifespan is restricted to a few months, and
individuals usually die soon after oviposition. In the few spe-
cies that live more than 1 year, mating takes place during a
restricted period (Belozerov 2012). The constraint imposed
by a short lifespan makes prolonged association between
parents and offspring unlikely, which may partially explain
why parental care is completely absent in species of Eupnoi
and Dyspnoi (Machado and Macías-Ordóñez 2007). Al-
though most species of Laniatores probably live more than
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1 year, the length of breeding season in the suborder shows
great variation depending on the species and on the locality
where it lives (see above). In species in which the breeding
season is very short, postovipositional parental care is un-
likely either because prolonged association between parents
and offspring is impossible or because the marginal costs
imposed on the parents are very high. Therefore, we predict
that the length of breeding season among species of the sub-
order Laniatores will have a positive effect on the presence of
postovipositional parental care.
The presence of postovipositional parental care certainly

does not depend exclusively on the length of breeding sea-
son. There are several other factors that may influence the
costs and benefits associated with this behavior (Alonso-
Alvarez and Velando 2012). Although the costs of egg at-
tendance in harvestmen have been quantified in only three
species, there is no evidence that caring individuals have
higher mortality than noncaring individuals. In one species
exhibiting exclusive maternal care, the only detectable cost
of egg attendance was an 18% reduction in female lifetime
fecundity (Buzatto et al. 2007). In two species exhibiting ex-
clusive paternal care, caring males have higher survival rates
than noncaring males (Requena et al. 2012; Requena and
Machado 2015a). Thus, based on what we know, it is diffi-
cult to predict how the costs of egg attendance in harvest-
men will vary in broad geographic scales. However, field
experiments on the benefits of egg attendance in several
harvestman species indicate that the presence of the parent
is crucial to prevent egg predation (references in table A5). In
some of these studies, ants were among the most important
egg predators, and we know that predation pressure pro-
moted by ants and other predatory arthropods is significantly
higher in tropical climates (Novotny et al. 2006). Thus, the
benefits of egg attendance could be higher in hot-humid cli-
mates, where biotic interactions are likely to be more intense
(Schemske et al. 2009).
There is no universally accepted proxy for biotic interac-

tions in the macroecological literature, but here we used ac-
tual evapotranspiration (AET), which is a measure of the
water-energy balance and net primary productivity (Haw-
kins et al. 2003; Mu et al. 2011). We selected this variable
because there is some empirical evidence showing that en-
ergy availability is positively related to the abundance of ants
(Kaspari et al. 2000), an important group of egg predator in
harvestmen (Machado and Macías-Ordóñez 2007). More-
over, there are meta-analytical studies on the global scale
showing that energy availability is also positively related to
species richness in many different taxa (Field et al. 2009) and
to the intensity of egg predation on unattended clutches of
terrestrial arthropod species (Santos et al., forthcoming).
Therefore, assuming that AET is a good proxy for the inten-
sity of biotic interactions, we predict that, in all harvestman
species whose length of breeding season allows long-term as-
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sociations between parents and offspring, the presence of
postovipositional parental care would be positively influ-
enced by AET.

Based on the above reasoning, we tested the idea that the
probability that a species will present parental care will de-
pend on the length of its breeding season (as a proportion of
the year) and on AET. Although the evolution of exclusive
maternal and paternal care in arthropods may be favored
by different selective pressures (Requena et al. 2013), there
is experimental evidence showing that males and females
provide similar benefits to offspring in terms of protection
against natural enemies (Requena et al. 2009; Gilbert et al.
2010). Therefore, we pooled together the two types of pa-
rental care in the analyses described below.

We tested our predictions with phylogenetic compara-
tive methods, in the same way as described for the analysis
of the type of mating system. In this analysis, however, we
used the coordinates of each studied species to retrieve infor-
mation onAET from 2000 to 2013 (available at http://modis
.gsfc.nasa.gov/) for each locality using the Extract Data tool
from ArcGIS software (http://www.esri.com). We gathered
information on presence/absence of egg attendance for
105 species of the suborder Laniatores, but there was in-
formation on the length of breeding for only 56 of these
species. Our final data set includes representatives of nine
families distributed across the Americas, Europe, Asia, and
Oceania. For one of the species, we found information on two
different populations, leading to 57 populations (table A5). We
inferred the phylogenetic relationship among species based on
several molecular and morphological phylogenies (fig. A1d;
Nexus file in part 1 of the additional supplements), setting
all branch lengths to 1, except for the two populations of Vo-
nones sayi (branch lengths set to 0.1). We used polytomies to
indicate a lack of information when phylogenies disagreed in
relation to the position of a given taxon. Finally, we checked
the impact of branch lengths for the twopopulations ofV. sayi
on our results by reanalyzing the data with these branches set
to lengths of 1, 0.01, or 0.001. Because the patterns obtained
with all branch lengths were qualitatively the same (data not
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shown), we present only the results regarding between-
population branch length p 0:1. The scripts of the analyses
can be found in part 2 of the additional supplements.
Consistently with our previous analysis on the length of

breeding season, we first standardized our variables to the
same scale and used model selection to analyze their influ-
ence on the probability that a species would present post-
ovipositional parental care.We built a set of candidatemod-
els that included a null model, three models with every
possible combination of the fixed effects (length of breed-
ing season and AET), and the fully parameterized model
that included both fixed effects and their interaction.We then
ranked the fivemodels on the basis of their AICc and checked
the best model for multicollinearity using the function corvif
(Zuur et al. 2009) and for overdispersion by dividing the
model’s residual deviance by its residual degrees of freedom.
This time we fit all models with phylogenetic logistic regres-
sion as implemented in the function phyloglm from the pack-
age phylolm (Ho and Ané 2014) in R, version 3.1.3 (R Devel-
opment Core Team 2015).
The most likely model included only the proportion of

the year when the species is reproductively active (table 2;
DAICc p 2:17 with the next most likely model). As ex-
pected, the length of breeding season positively influenced
the probability that a species would present postovipo-
sitional parental care (fig. 5). There was no effect of AET,
which was our proxy for biotic interactions and predation
pressure. The level of phylogenetic dependence on post-
ovipositional parental care probability was estimated to be
0.19. This finding indicates that postovipositional parental
care in species of the suborder Laniatores is evolutionarily
more labile than the length of their breeding seasons but
less labile than their mating system types (see above).
Our results show that longer breeding seasons indeed

favor long-term associations between parents and offspring
in harvestmen, a group in which paternal and maternal egg
attendance has evolved many times independently (Ma-
chado and Macías-Ordóñez 2007). At first, it may be hard
to disentangle the effect of the length of breeding season
Table 2: Model selection for the effects of actual evapotranspiration (AET) and length of breeding season (LBS) on the probability
of parental care in 56 harvestman species belonging to the suborder Laniatores
Fixed effects
 Log likelihood
 k
 AICc
.117.010.20
s and Cond
DAICc
0 on July 24, 20
itions (http://ww
AIC weights
16 15:32:22 PM
w.journals.uchicago.ed
Cumulative weights
LBS
 228.38
 2
 62.98
 …
 .60
 .60

LBS 1 AET
 228.35
 3
 65.14
 2.17
 .20
 .81

LBS 1 AET 1 LBS∶AET
 227.77
 4
 66.31
 3.34
 .11
 .92

Null (intercept only)
 231.76
 1
 67.58
 4.60
 .06
 .98

AET
 231.74
 2
 69.70
 6.72
 .02
 1.00
Note: Log likelihood p the natural logarithm of the maximum likelihood; k p the number of estimable parameters; DAICc p the difference between the
corrected Akaike information criterion (AICc) of each model and the AICc of the first model; AIC weights p the Akaike weights of each model; cumulative
weights p the cumulative Akaike weights of each model and the models above it. Models are ranked by increasing AICc values, and the minimal most likely
model is indicated in boldface. All models were fit with phylogenetic logistic regression.
u/t-and-c).
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from the effect of adult longevity on the probability that a
species will present parental care. However, in representa-
tives of the suborder Laniatores, adult longevity is usually
much longer (Gnaspini 2007) than their breeding seasons
(the mean in our data set was 4.9 months), so that longevity
clearly does not constrain the evolution of parental care in
this group. Moreover, we could not find evidence that pre-
dation intensity, at least our proxy for it, had an effect on the
presence of parental care in harvestmen. This result, how-
ever, hardly rules out the possibility that predation plays
an important role in the evolution or maintenance of pa-
rental care. First, we highlight the challenge of using, or
obtaining, more direct proxies of the intensity of biotic in-
teractions (Morales-Castilla et al. 2015). In our case, for in-
stance, direct estimates of conspecific and ant abundances
in each locality would have been more informative. More-
over, once we know that the length of breeding season is
predicted by climatic variables related to temperature and
precipitation (fig. 2) and that the length of breeding season
predicts occurrence of parental care (fig. 5), such climatic var-
iables should also predict parental care, as previously found
by Buzatto et al. (2013). Nevertheless, we must be careful not
to use such variables as proxies for predation intensity to
avoid redundancy. Second, although intense predation on
eggs might have been a major force favoring the evolution
This content downloaded from 134
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of postovipositional parental care in arthropods (Wilson
1975), it clearly does not explain why egg attendance has
evolved in some species but not in others. Several species in
our data set occur in southeastern Brazil, and there is a single
locality where 11 species of the family Gonyleptidae are found
together, sometimes laying eggs in the same substrate.
Among these species sharing the same climatic conditions,
three cover their eggs with debris and show no postovi-
positional parental care, four show maternal egg attendance,
and four show paternal egg attendance (table A5).
Concluding Remarks

Rainfall seasonality may be found in regions along a wide
range of (mean) temperatures, and the interaction between
warm temperatures with pulses of precipitation in each lo-
cality defines the period of activity of many species, the
temporal and spatial patterns of resource availability, and
the intensity of parasites, predators, and competitors. All
these factors shape or constrain reproductive traits, such
as gamete production, mate search, expression of costly
ornaments, and the costs and benefits of postovipositional
parental care, to name a few. Thus, there is a likely causal
link between climatic conditions and the expression of re-
productive traits that allows us to generate predictions on
how these traits vary in large geographic scales (Macías-
Ordóñez et al. 2013). Here we formalized this macro-
ecological framework, presented some general predictions
focused mainly on arthropods, and explored empirical ex-
amples using harvestmen as study organisms.
Our results show that the length of breeding season in

harvestmen is predicted by the number of warm months
during the year and that precipitation plays a secondary
role in modulating the period adults devote to reproductive
activities. In turn, the length of breeding season predicts
two key components of mating systems: the strategy of
mate acquisition (scramble competition versus resource de-
fense) and the presence of postovipositional parental care.
Furthermore, the strategy of mate acquisition is associated
with the degree of sexual dimorphism, suggesting a causal
link between the intensity of sexual selection and the diver-
gence in sexually selected traits in males. Taken together,
these findings indicate that climate indeed has direct and
indirect effects on sexually reproductive traits and that it
is possible to derive macroecological predictions on how
these traits vary in broad geographic scales in response to
temperature and precipitation.
Our major challenge when approaching environmental

variables from a macroecological perspective was to select
potentially informative, nonredundant variables consider-
ing the physiological, ecological, and life-history traits of our
study organisms. Choosing a proxy for the intensity of bi-
otic interactions was particularly challenging, and we hope
Figure 5: Probability that a harvestman species will present parental
care is positively influenced by the proportion of the year adults are
reproductively active (length of breeding season). The curve repre-
sents the predicted values from the minimal most likely model (see ta-
ble 2), and the size of the closed circles is proportional to the number
of species in each combination of parental care and length of breed-
ing season.
.117.010.200 on July 24, 2016 15:32:22 PM
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that the macroecological framework presented here stimu-
lates more discussion on this subject. Another point that
deserves further discussion is the procedure of measuring
current climate and using that to test evolutionary hypotheses
for how past climate may have shaped behavioral and mor-
phological traits. Overall, this framework assumes relatively
fast evolutionary responses to changes in climate, especially
in terms of behavioral traits. In support of this view, mating
strategies are known to be flexible not only between popula-
tions (examples inThornhill andAlcock 1983) but alsowithin
the same population over the course of the breeding season
(Buzatto and Machado 2008). Furthermore, the low values
of phylogenetic dependence we found for the strategy of mate
acquisition and presence of postovipositional parental care
further support the flexibility of these traits in harvestmen.
In other words, using environmental data gathered over the
past five decades, we probably captured the environmental
pressures that may have shaped the observed reproductive
traits.

For many years, the study of reproductive strategies and
sexual selection has been mostly focused on single species
or populations. The advent of comparative methods in the
1980s expanded our comprehension of the evolution of mor-
phological and behavioral traits and provided a solid analyt-
ical framework to test adaptive hypotheses in a phylogenetic
context (Nunn 2011). More recently, large and detailed data-
bases of temperature and precipitation have become avail-
able, probably stimulated by recent interest in global climate
changes. Finally, the internet improved access to scientific
information generated by researchers all over the world, so
that the compilation of basic data on a large number of spe-
cies has been greatly facilitated. We argue that the combina-
tion of these three isolated events created the unique histor-
ical opportunity to test macroecological predictions related
to large-scale variation in reproductive traits. Our empirical
examples with harvestmen clearly illustrate this point. Our
comparative approach was possible only because we had ac-
cess to (i) comprehensive phylogenies of the group, (ii) the
most recent and complete data sets on climatic variables, in-
cluding evapotranspiration at a global scale, and (iii) detailed
information on the reproductive biology for a comprehen-
sive set of species published in many articles in at least six
different languages.Moreover, wemust highlight the fact that
basic information on physiology and life history was avail-
able for several species, which allowed us to strengthen the
predictive power of our macroecological predictions. Con-
sidering that many other taxonomic groups are better stud-
ied than harvestmen, we are confident that themacroecologi-
cal framework presented here can be successfully used to test
interesting predictions about large-scale variation in repro-
ductive traits. Although some attempts have already been
conducted with birds, we expect that this article inspires
future studies on other animal and plant groups for which
This content downloaded from 134
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abundant studies on reproductive traits are available in the
literature.
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