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A decrease in the surface area per unit volume is a well known
constraint setting limits to the size of organisms at both the cellular
and whole-organismal levels. Similar constraints may apply to
social groups as they grow in size. The communal three-dimensional webs that social spiders build function ecologically as single
units that intercept prey through their surface and should thus be
subject to this constraint. Accordingly, we show that web prey
capture area per spider, and thus number of insects captured per
capita, decreases with colony size in a neotropical social spider.
Prey biomass intake per capita, however, peaks at intermediate
colony sizes because the spiders forage cooperatively and larger
colonies capture increasingly large insects. A peaked prey biomass
intake function would explain not only why these spiders live in
groups and cooperate but also why they disperse only at large
colony sizes, thus addressing both sociality and colony size range
in this social spider. These findings may also explain the conspicuous absence of social spiders from higher latitudes and higher
elevations, areas that we have previously shown to harbor considerably fewer insects of the largest size classes than the lowland
tropical rainforests where social spiders thrive. Our findings thus
illustrate the relevance of scaling laws to the size and functioning
of levels of organization above the individual.
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ransitions between levels of organization, to the extent that
they bring about an increase in organismal size, should
constitute both an opportunity and a challenge. Accessing open
ecological niches above the size range of previously existing
organisms is clearly a benefit that might accompany the origin of
a higher level of organization (1). Increasing size, however, also
brings a variety of challenges. A major one is a decline in the
surface area to volume ratio. Such a decline is expected because
tridimensional objects of a constant shape grow in volume to the
third power of their linear dimensions, whereas surface area
increases to the square power. A declining surface to volume
ratio constitutes a challenge for growing organisms because they
require energy and resources as a function of their mass (volume)
but must acquire them through their surface. Simple multicellular organisms, such as Volvox, have met this challenge through
the use of flagellar structures that improve nutrient flow (2),
whereas more complex organisms have developed space-filling
fractal distribution networks (3, 4) and structures such as lungs
and intestines that maximize surface area for the exchange of
gases, food, and waste (1). Ultimately, however, surface area to
volume ratio relationships and other scaling laws are expected to
set a limit to organismal size.
Similar opportunities and challenges are likely to be encountered in the transition from individuals to social groups. As with
multicellularity, sociality is also thought to allow the colonization
of ecological niches not accessible to solitary individuals (5).
Naked mole rats, for instance, are capable of inhabiting the
extremely arid deserts of southern Africa by cooperatively
searching for new food patches after heavy and unpredictable
rains have softened the soil enough for digging (6), and emperor
penguins are able to withstand the frigid winters of Antarctica
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by huddling together to maintain warmth (7, 8). Among cooperative foragers, tree-killing bark beetles and social carnivores
are capable of obtaining resources—live trees or large animals,
respectively—that solitary individuals are unable to access (9–
12). To the extent that social groups are dependent on space,
however, they should also be subject to the physical laws of
scaling (13, 14).
Social spiders are notable among cooperative foragers for
their ability to capture prey that are many times larger than the
spiders themselves (15–17), thus gaining access to a rich supply
of insects not available to most solitary spiders (15, 18). The nests
and prey capture webs of these spiders tend to be internally filled,
irregular three-dimensional structures that intercept prey moving through the environment (18) (Fig. 1A). In the species
subject of this study—Anelosimus eximius Keyserling 1894 (Araneae: Theridiidae) (19, 20)—spiders contribute a roughly constant volume per capita to the prey interception portion of their
webs (21). It is the surface area of this webbing exposed to the
environment, however, that should determine the frequency at
which prey items enter the webs. For a more or less constant
shape, we therefore expect that web surface area per spider, and
thus the number of incoming prey items per capita, will decrease
to the ⫺1/3 power of colony size. A decreasing surface area to
volume ratio should intensify competition for resources as
colony size increases, raising the question of how and to what
extent spiders in this and other social species are able to
overcome this scaling challenge to produce colonies with dozens
to thousands of individuals.
Here, we demonstrate the major role that cooperation plays in
solving the problem of a declining surface area to volume ratio
in this social spider. Anelosimus eximius is notable among
cooperative spiders—also known as nonterritorial, permanent
social, or simply social—for building the largest webs and
colonies among species of this social system (18). Cooperative
social spiders build and maintain communal webs in which
members of a colony cooperate in the capture of prey, feeding,
and brood care. Colony members are totipotent and mate with
each other to produce new generations of spiders that continue
to occupy and expand the natal nest. Colonies grow through this
process of internal recruitment until, in species such as A.
eximius, a single colony’s population may on occasion reach into
the tens of thousands (18). Here, we show that cooperative
foraging in A. eximius allows the capture of increasingly large
insects as colony size increases and that this effect is sufficient
to overcome the decline in the number of insects caught per
capita that results from the scaling of prey capture area per
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Fig. 1. Diagram of a social Anelosimus nest and the relationship between the
prey capture area per spider and colony size. (A) Diagram of an Anelosimus
eximius nest showing the basal basket-shaped section used primarily for
habitation and the superior webbing used primarily to intercept and capture
prey. The relationship between colony size and prey capture web area per
spider (log10 area per spider ⫽ 2.6201645 ⫺ 0.3546797 ⫻ log10 number of
spiders) shown in B is based on the superior webbing. Data are log transformed to satisfy normal distribution requirements of linear regression. Dotted lines indicate 95% confidence intervals.
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spider with increasing colony size. As a result, prey biomass
intake per capita is maximized in colonies of intermediate size,
thus explaining both sociality and colony size range in this social
spider. This is an intriguing solution to a universal scaling
problem, made possible because the ‘‘organism’’ in this case is a
collective of units capable of cooperation.

Yip et al.

Fig. 2. The relationships between colony size and the number of insects
captured per hour per spider (A), the size of insects captured (dry mg) (B), and
the prey mass (dry mg) captured per hour per spider (C). Dotted lines indicate
95% confidence intervals for the fits. Data are log transformed to satisfy
normal distribution requirements of regression. Data points shown are each
based on between 24 and 57 h of observation and one to several dozen prey
capture events (median 27, range 1– 62 prey capture events).

Discussion
We show that cooperative foraging in a neotropical social spider
leads to the capture of increasingly large insects as colony size
increases, an effect that compensates for the decline in the
number of prey captured per capita that results from the scaling
of web surface area per spider with increasing colony size. These
two effects combined result in a per capita food intake function
that is maximal at intermediate colony sizes. Although the ability
to capture large prey has long been recognized as a benefit of
sociality in spiders (15–18, 22–24), the explicit relationship
between colony size and per capita food intake had not been
previously demonstrated for any social spider. That per capita
prey biomass intake peaks at intermediate colony sizes, as well
as the observation that fewer (on a per capita basis) but larger
insects are captured as colony size increases, helps explain
several biological phenomena associated with spider sociality.
These phenomena include the conspicuous absence of social
spiders from higher latitudes (18, 25) and higher elevations (26),
as well as observed colony size distributions and dispersal and
fitness patterns. For the genus Anelosimus, in particular, we have
found that the higher latitude or higher elevation areas in the
Americas, where only species forming small single-family groups
occur (i.e., subsocial species) (26), have notably fewer insects
belonging to large insect size classes than areas in the lowland
rainforest where social species such as A. eximius occur (17, 27).
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Results
Matching the predicted relationships among colony size, prey
capture area, and incoming prey items per capita, A. eximius’s
prey interception webs decreased in surface area per spider as
colony size increased (Fig. 1B) and, although the overall number
of prey items captured increased with colony size, prey items per
capita decreased (Fig. 2A). The empirically estimated slope of
the web surface area per capita (⫺0.35 ⫾ 0.14 SE; r2 ⫽ 0.35; t ⫽
⫺2.56, P ⫽ 0.025, x and y axes log transformed) is not significantly different from the ⫺1/3 slope expected (on logtransformed variables) or from the slope obtained for the
relationship between prey items captured per capita and colony
size (slope ⫽ ⫺0.45 ⫾ 0.13 SE; r2 ⫽ 0.42; t ⫽ ⫺3.53, P ⫽ 0.003)
(Fig. 2A).
The average size of the prey captured (dry mg) by A. eximius
colonies, however, increased 20-fold as colony size increased
from ⬍100 to ⬇10,000 spiders (Fig. 2B), and large prey items
(body length ⱖ2 cm), although making up only 8% of the diet by
number, contributed nearly 75% of all nutritional mass across
colonies (Fig. 3). We used both a quadratic polynomial and a
linear regression to assess the relationship between colony size
and prey size. The quadratic polynomial model (adj-r2 ⫽ 0.51;
ANOVA, F2,16 ⫽ 10.27, P ⫽ 0.001; t-ratio, linear term: 4.37, P ⫽
0.0005; quadratic term: ⫺1.75, P ⫽ 0.10) was a slightly better fit
than the linear one (adj-r2 ⫽ 0.45; ANOVA, F1,17 ⫽ 15.62, P ⫽
0.001) but not significantly so (F1,15 ⫽ 2.85, P ⬎ 0.05, generalized
likelihood ratio test) (linear fit not shown). By combining the
number of prey items captured and their estimated masses to
calculate the average per capita prey mass intake by colonies (see
Materials and Methods), we show that the relationship between
per capita prey intake and colony size has a significant quadratic
component, with a peak at intermediate colony sizes of ⬇500
adult and subadult spiders (adj-r2 ⫽ 0.56; ANOVA, F2,16 ⫽ 12.58,
P ⫽ 0.0005; t-ratio, linear term: ⫺2.69, P ⫽ 0.016; quadratic
term: ⫺4.05, P ⫽ 0.0009) (Fig. 2C).
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Fig. 3. The total amount of prey captured across all observation periods and colonies, divided into four size categories: small prey ⬍ 0.5 cm; 0.5 cm ⱕ medium
prey ⬍ 1.0 cm; 1.0 cm ⱕ large prey ⬍ 2.0 cm; and 2.0 cm ⱕ extra large prey. (A) Estimated summed dry mass of prey items: 0.22 g of small, 0.87 g of medium,
3.07 g of large, 12.44 g of extra large, and 16.60 g of total prey. (B) Number of prey items: 192 small, 173 medium, 110 large, 42 extra large, and 517 total.

Spiders in environments without a sufficient supply of large
insects would not be able to make up for the decrease in prey
items per capita with increasing colony size and may therefore
disperse at smaller colony sizes (e.g., 24, 28–32). The shape and
magnitude of the per capita prey intake function would thus, on
the one hand, be a reflection of the range of insect sizes available
in the environment and, on the other, mediate individual dispersal decisions. The latter suggestion and our estimated per
capita prey intake function (Fig. 2C) are consistent with reports
that A. eximius spiders will not disperse until a colony exceeds
1,000 individuals (18). That this threshold is twice the optimal
foraging colony size estimated here, as well as the existence of
considerably larger colonies, suggests that most spiders may not
disperse until declining per capita resources come close to
matching conditions in small newly established colonies. The
broad range of colony sizes observed may also reflect an intrinsic
inability of colonies to fine-tune their size associated with rapid
colony growth (through internal recruitment) and discrete generations (5, 18, 33). Finally, a peaked per capita prey intake
function would also explain why fitness peaks at intermediate
colony sizes in this (33) and perhaps other social spiders (34).
Increased food resources in colonies of intermediate size may
promote juvenile survivorship, a fitness component shown to be
positively correlated with colony size (33, 34). The capture in
larger colonies of fewer, albeit larger, prey items per capita, on
the other hand, may lead to inequitable sharing of prey typical
of some social spiders (35–37). The latter phenomenon may
explain the observed monotonic decrease with increasing colony
size in the proportion of A. eximius females that reproduce (33).
Such inequitable sharing of prey would counter the otherwise
expected reduction in individual prey consumption variance that
should result from the law of large numbers as colony size
increases (38). Estimating individual prey consumption variance,
however, is beyond the scope of this study because our per capita
resource intake estimates were obtained from whole colony
rather than from individual measures.
The extent to which access to large prey by groups interacts
with other components of prey capture success and could thus be
responsible for social evolution has remained unclear, both
conceptually and empirically (39–41). Using game theory models, Packer and Ruttan (39) suggested that cooperative hunting
is more likely to lead to gregariousness when groups hunt
multiple prey that are small enough to be monopolized by the
hunter and thus kept from cheaters. Our findings, as well as the
observation that spider sociality is concentrated in areas where
large insects are abundant (17, 27), are at odds with this
prediction. The discrepancy probably arises because Packer and
Ruttan’s models considered prey size as a fixed parameter—
either large or small—rather than a function of the size of the
social group or of the number of individuals involved in a hunt,
as our study has demonstrated for social spiders. Thus, it is not
11820 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0710603105

only prey capture efficiency that increases with colony size, but
also the size of the insects captured. So, even if efficiency for a
given prey size reached 100%, prey size and biomass captured
would constitute moving targets potentially only limited by the
range of prey sizes available in the environment. Furthermore,
the prey capture success of single hunters, also a fixed parameter
in the Packer and Ruttan models, is probably also a moving
target because prey caught by larger colonies are increasingly
beyond the reach of solitary hunters. In fact, insects at least four
times as long and many times more massive than an A. eximius
spider (where adult females average 4.6 mm in length; ref. 20)
contributed a large majority of all prey mass caught by the
observed colonies (Fig. 3). Studies on a solitary theridiid spider
have shown that the capture efficiency of solitary individuals is
close to zero when offered prey items greater than three times
their size (16). According to the Packer and Ruttan models, it is
under conditions in which the hunting success of groups far
exceeds that of solitary individuals that cooperation in the
capture of single large prey items may evolve (39). Above and
beyond an increase in prey capture efficiency, therefore, cooperative hunting may allow access to a range of resources, and thus
an ecological niche, unavailable to solitary hunters.
Although a declining surface area to volume ratio may represent a challenge for resource intake, it may on the other hand
enhance the defensive nature of three-dimensional webs (42).
Cooperative social spiders appear to in fact shield their offspring
from predation by placing them in the innermost areas of their
three-dimensional nests (unpublished observation). More elongated web shapes that would enhance foraging efficiency by
maximizing surface relative to volume should conflict with this
protective function. Accordingly, although there was a trend
among the nests we studied to be slightly more elongated as their
size increased (data not shown), such elongation was clearly not
sufficient to counter the decline in surface area per unit volume
that we observed as the colonies got larger. Individuals in other
types of social groups may also take advantage of group-level
surface to volume ratio relationships to gain protection from the
elements or from predators and parasites for themselves or their
offspring [e.g., huddling penguins (refs. 7 and 8) or antipredator
tactics of schooling fish or of ungulate or other types of “selfish”
herds (refs. 43–48)]. Foraging and predation tradeoffs may also
be important to the colonial orb-weaving spiders. These spiders
aggregate individual orb webs but, unlike the cooperative spiders, do not cooperate in prey capture. Nonetheless, larger
colonies have increased capture efficiency through the ‘‘ricochet
effect’’ whereby prey items that rebound off another web are
more likely to be caught (49). Tradeoffs manifest themselves in
terms of position within the web complex, because spiders in the
interior are less likely to be attacked by predatory wasps but are
also less likely to capture prey (50). Thus, scaling laws of the web
or web complex may both limit prey intake and decrease
Yip et al.
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A. eximius webs consist of two main portions: a basket-shaped basal portion
that surrounds a piece of vegetation and is used primarily for habitation and
a superior web of primarily vertical and oblique lines, and no included vegetation, that is used to intercept and capture prey (Fig. 1A) (18, 51). What is
relevant for our studies, and what we measured to estimate prey capture
surface area per spider (Fig. 1B), is the superior web. For this purpose we used
colonies seen at the colonies at the Jatun Sacha Biological Reserve
(01°4⬘13.2⬙S, 77°36⬘41.4⬙W; 450-m elevation) in January 2002 (n ⫽ 6), June
2002 (n ⫽ 3), and May to June 2003 (n ⫽ 5). To estimate the surface area of the
prey interception web we measured its circumference just above the basal
basked-shaped nest and at the top where the webbing attached to vegetation. The distance between these two points was the web’s height. We
estimated the surface area by approximating the web’s shape to a cylinder, a
cone, or, for complex web formations, a series of geometric shapes whose
surface areas we then combined.
We examined colonies for prey capture (prey size and number and biomass
of prey caught per capita and unit time) at the Jatun Sacha Biological Reserve
from May to June 2003 (n ⫽ 6) and at the Cuyabeno Nature Reserve (0°2⬘S,
76°20⬘W, 200- to 300-m elevation) from July to August 2004 (n ⫽ 6 forest
interior and 7 river-edge colonies). We used primarily colonies where adults
and late instar juveniles and subadults predominated to maintain homogeneity of life-cycle stages across colonies. We checked colonies for prey that
spiders were capturing or consuming every 0.5–1.5 h for 4 –5 h from 1 p.m. to
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predation risk as size increases, creating opposing selective
pressures on web or complex size.
The ubiquity of scaling laws is hardly surprising as units in the
biological hierarchy aggregated through time to form increasingly higher levels of organization. At each of the levels, selection
may act on the individual units to manipulate group allometry
to their advantage, although not necessarily to that of their
neighbors’ (i.e., the selfish herd) (43). Exactly how organisms
should manipulate group allometry, however, may depend on
scaling laws with complex and sometimes opposing fitness
effects. Here, we have shown an example of how both the
constraint imposed by scaling a declining surface area to volume
ratio of communally-built webs of increasing size and the solution—foraging on increasingly large prey—are engendered
through cooperation, suggesting that social behavior and the
associated scaling laws may interact in complex and intriguing
ways.
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