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Abstract
Body size affects almost all aspects of animals’ resource use, and its scaling
syntheses are well established in most biological fields. In contrast, how
behavioral variation scales with body size is understudied. Understanding how
body size influences behavior is important as behavior responds more readily to
natural selection than many other traits, and foraging effort is a critical
behavioral trait. Web spiders are good models for studying foraging effort
because webs are physical records of behaviors. Variability in web architectures
is well documented, but how spider size scales with foraging effort and web
performance is virtually unknown. Here, we investigate behavioral allometry at
three phylogenetic scales – broadly across orb-weaving spiders, among a recent
radiation of species, and among individuals within species. Conducting a meta-
analysis across a wide range of orb weavers, we investigate how foraging effort
scales with body size by measuring effort as the volumes of the three silk gland
secretions used for building orb webs. We show that volumes of web material
scale negatively allometrically with body size, and suggest silk investment is an
important limiting factor in evolution of web performance and body size. To
assess whether such broad evolutionary trends exist at finer phylogenetic scales,
we investigated how foraging effort scales with body size in a group of five
closely related Zygiella s.l. species (Araneidae). We find that the general scaling
pattern across orb weavers is only partially confirmed. Finally, we examine
patterns among individuals within each of the Zygiella species. We find dif-
ferent patterns of silk use in relation to body size, and show that both web
architecture and silk investment need to be quantified to estimate total foraging
effort. In conclusion, we find support for the prediction that behavioral traits
scale differently to body size at different phylogenetic scales and at the individ-
ual level.

Introduction

Body size affects practically all aspects of how animals use
environmental resources. Body size scaling syntheses are well
established in most biological fields, ranging from morphol-
ogy, physiology and developmental biology, to life-history
evolution, community ecology and biogeography (Dial,
Greene & Irschick, 2008). However, the degree to which
behavioral traits scale with body size is understudied, in part
because behavioral phenotypes are derived from complex
interactions between physiology and morphology, both of
which are often easier to measure (Dial et al., 2008). Under-
standing how body size influences behavior is important
because behavior responds to natural selection more quickly

than other traits (West-Eberhard, 1989; Garland & Kelly,
2006). Foraging effort is a behavioral trait that plays a criti-
cal role in maximizing the fitness of animals (Lima & Dill,
1990; Ferrari, Sih & Chivers, 2009). Therefore, it is critical to
understand how foraging effort might scale with body size.
But foraging ‘effort’ per se can be hard to quantify. Orb
web-building spiders are an exception because of their
intimate dependence upon the web for prey capture. The
architectures of orb webs represent physical records of the
spiders’ foraging behaviors (Blackledge, Kuntner &
Agnarsson, 2011; Herberstein & Tso, 2011). More impor-
tant, the total amount of silk used to construct an orb web is
a direct measure of the material investment in foraging by
the spider.
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Webs vary greatly among spider groups and even within
species (Eberhard, Agnarsson & Levi, 2008; Blackledge et al.,
2009). Changes in web architecture and silk mechanics criti-
cally influence web performance and thus the spiders’ pheno-
typic performance (Blackledge et al., 2011). However, while
larger spider species use more silk, it is not entirely clear how
silk amount scales with spider size, that is, whether different
species produce proportionally similar amounts of silk in
relation to body size. Furthermore, spiders change web archi-
tecture throughout their ontogeny (Eberhard, Barrantes &
Madrigal-Brenes, 2008; Kuntner, Kralj-Fišer & Gregorič,
2010), and according to their size and feeding history
(Blackledge et al., 2011). They are also quite plastic within
individual life stages. Orb spiders can increase or decrease the
size of webs (Sherman, 1994; Venner, Pasquet & Leborgne,
2000; Blackledge & Zevenbergen, 2007), change the webs’
symmetry (Herberstein & Heiling, 1999; Harmer, 2009;
Kuntner, Gregorič & Li, 2010) and molecular composition of
their silks (Tso, Wu & Hwang, 2005; Townley, Tillinghast &
Neefus, 2006), ‘decorate’ their webs with additional silk struc-
tures (Blackledge, 1998; Li & Lee, 2004) and build protective
barrier webs (Higgins, 1992; Uhl, 2008). However, only a
single study investigated how spider size scales with foraging
effort and web performance through ontogeny of a single
orb-weaving spider species (Sensenig, Agnarsson &
Blackledge, 2011). Even less is known of how variation in
spider webs scales with body size. Craig (1987a) showed that
larger orb web species use thicker threads, and Sensenig,
Agnarsson & Blackledge (2010a) showed that larger species of
orb web spiders evolved tougher silk concurrently with
changes in silk structure and web architectures that maximize
the stopping potentials of the orb webs.

Most studies investigating foraging effort in spiders used
orb webs because of their straightforward architecture. Orb
spiders also show a greater range of size variation compared
with spiders spinning other types of webs such as cobwebs or
aerial sheet webs. Perhaps more than any other type of web,
orb webs function mainly as foraging devices, and the size and
availability of prey are considered proximal cues inducing
variability in orb webs (Vollrath & Selden, 2007; Blackledge,
2011). To provide initial insight into whether body size pre-
dicts material investment (as a measure of foraging effort) in
orb web spiders, we examined the silk investment in orb webs
in relation to body size in five closely related species of
Zygiella sensu lato. We quantified the total volume of all three
primary spinning gland secretions that spiders use for building
orb webs: the major ampullate silk (MA silk), the flagelliform
silk (Flag silk) and glue produced by aggregate glands. The
radial threads of an orb web mainly consist of MA silk and
function to stop the prey’s flight, while the spiraling Flag silk
coated with glue forms the sticky capture spiral that functions
to retain prey (Figs 1 and 2; Sensenig et al., 2012). Conducting
a meta-analysis of 27 orb-weaving species, we first investigated
how foraging effort scaled with body size across a wide range
of orb weavers. To assess whether such interspecific trends
were confirmed on a smaller phylogenetic scale, as well as
between individuals within species, we investigated how for-
aging effort scaled with body size in a group of five closely

related Zygiella s.l. species. Our study addresses another
important aspect of how to assess material investment in orb
web spiders. Namely, most previous studies investigating for-
aging effort document only changes in web shape and archi-
tecture (e.g. Sherman, 1994; Vollrath & Samu, 1997; Venner
et al., 2000; Mayntz, Toft & Vollrath, 2009; Blamires, 2010).
Relatively few studies examine how variability in orb web
production is associated with the manipulation of single silk
threads (e.g. diameter, tension etc.; Watanabe, 2000; Tso,
Chiang & Blackledge, 2007; Liao, Chi & Tso, 2009; but see
Blackledge & Zevenbergen, 2007; Boutry & Blackledge, 2008,
2009 for studies on cob web spiders). Furthermore, except for
the single study of Sensenig et al. (2011), no study investigat-
ing foraging effort in orb web spiders explores both web archi-
tecture and silk thread use, although such information is
critical for understanding spider foraging effort. For example,
if individual spiders change web characteristics such as web
size, the spacing between threads, or the total thread lengths,
these changes do not necessarily correlate to foraging effort
measured as amount of silk produced, as spiders can also
control the diameter of silk threads and the amount of glue
used (Blackledge, Cardullo & Hayashi, 2005; Boutry &
Blackledge, 2008; Sensenig et al., 2010b). Thus, in theory, a
spider could produce a web twice the surface area using the
same amount of silk, simply by producing longer and thinner
threads. These two webs would consequently function very
differently at intercepting and stopping flying insects. Because
orb webs likely reflect a trade-off between high material costs
of producing silk and catching efficiency (Zschokke et al.,
2006; Blackledge et al., 2011), information about the interac-
tion between web architecture and the investment in silk is
critical for understanding the functional consequences of vari-
ation in webs. In addition to investigating the total material
investment into foraging, we thus explored changes in several
features of web architecture and silk investment in relation to
body size.

Materials and methods
We collected novel data from five species of Zygiella s.l.
(Leviellus + Parazygiella + Stroemiellus + Zygiella) and con-
sidered them in the context with previously published data
from Sensenig et al. (2010a).

Field work and sample preparation

We sampled 18 webs of Leviellus thorelli, 10 webs of
Parazygiella montana, 22 webs of Stroemiellus stroemi, 20
webs of Zygiella keyserlingi and 18 webs of Zygiella x-notata
at six localities in Slovenia, from 7 September 2009 to 25
October 2009. In the field, we haphazardly selected webs of
adult females, measured their horizontal and vertical diam-
eters (Fig. 2a,b), and photographed them from a perpendicu-
lar angle to subsequently measure other web proportions and
count threads (see ‘Web measurements’ for details). We then
separately sampled the lower and upper halves of each web,
where we sampled two radial threads and four outermost
capture threads per each web part, summing up to four radial
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and eight capture threads per web (Fig. 2). We used micro-
scope glass slides with stripes of raised support to preserve
glue droplets. Also, note that ‘capture thread’ refers to the
glue coated capture spiral between two adjacent radial
threads.

We photographed all sampled capture threads using a
Leica MZ16 stereomicroscope equipped with a Leica DFC
420C camera (Leica Microsystems, Wetzlar, Germany), at
various magnifications such that at least 10 glue droplets
were visible for each capture thread, in order to measure the
number and size of glue droplets. We processed all samples at
the same time in the same laboratory with a humidity of
∼50% (capture threads ‘acclimatize’ to local humidity within

2–3 min), which resembled natural conditions and is compa-
rable with other studies (Sensenig et al., 2010a). In order to
visualize the Flag strands constituting capture threads, we
glued all samples to the microscope glass slides. We then
photographed all radial and capture threads on two different
locations, under 1000× magnification, to later estimate the
diameters of MA and Flag strands constituting radial and
capture threads, respectively (Blackledge et al., 2005; see ‘Silk
and glue quantification’ for details).

We measured carapace width as a measure of spider size.
To infer whether body mass correlates with body size, we used
abdomen volume as a measure of body mass (Jakob, Marshall
& Uetz, 1996). We measured the width (AW), length (AL) and

Figure 1 Orb webs and capture threads
(inset, right) representing investigated spe-
cies. (a–e) L. thorelli, P. montana, S. stroemi,
Z. keyserlingi and Z. x-notata, respectively.
Scale bars, 5 cm for webs and 150 μm for
capture threads.
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height (AH) of each spider abdomen in order to calculate
abdomen volume using the formula:

V
AW AL AH

abdomen = ⋅ ⋅ ⋅ ⋅4
3 2

π

Web architecture quantification

From web photographs, we measured the distance from the
hub to the outermost capture thread along all four axes
(Fig. 2c–f), the horizontal and vertical diameters of the web
hubs (Fig. 2g–i), counted radial threads (RN; Fig. 2), and
counted capture threads on the four web axes (Fig. 2 SSN,
SSE, SSS, SSW). Because webs of Zygiella s.l. mostly contain a
capture thread free sector (Gregorič, Kostanjšek & Kuntner,
2010), we also measured its angle when present (Fig. 2j).

To quantify web architecture, we then calculated the fol-
lowing indices: Capture area (CA), that is, the area covered by
capture threads, was calculated using the Ellipse–Hub
formula (Blackledge & Gillespie, 2002) that we adjusted for
free-sector webs:

CA
a b g h i

c
j= ⋅ ⋅ − ⋅ +( ) ⋅ − ⋅ ⋅

2 2 2 2 360
2π π π

The average mesh width (MW), that is, the average distance
between adjacent capture threads, was calculated following
Herberstein & Tso (2000):
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The total length of capture threads in the web was calcu-
lated using the ‘Capture thread length formula’ (CTL;
Sherman, 1994; Sensenig et al., 2010a) that we adjusted for
free-sector webs:

CTL
j SS SS SS SS a b g h irad N E S W= −⎛

⎝⎜
⎞
⎠⎟ ⋅ + + + ⋅ + − + +⎛

⎝⎜
⎞
⎠⎟

( )π
2 4 4 4

Silk and glue quantification

We estimated the cross-sectional areas of silks and sizes of
glue droplets from photographs. Radial threads in Zygiella
s.l. consist of four strands of major ampullate (MA) silk and
four strands of minor ampullate silk. Because minor
ampullate silk strands are much thinner than MA silk
strands and thus add little to the total silk volume
(Blackledge, Agnarsson & Kuntner, 2011), we measured only
MA silk strands to calculate the total volume of invested
radial silk. For each radial thread, we thus measured the
diameter of all four MA silk strands on two parts of each
radial thread. Capture threads consist of two strands of
flagelliform (Flag) silk coated with glue. To calculate the
total volume of invested Flag silk, we measured the diameter
of both Flag silk strands on two parts of each capture
thread. In order to maintain consistency with Sensenig et al.
(2010a) we then calculated a ‘single strand equivalent’ diam-
eter (SSE) that had the same total cross-sectional area as all
of the strands composing an actual radial or capture thread.
To calculate SSE for MA (dMA) and Flag (dFlag) silk threads,
we used the average of all the measured diameters of strands
in a thread in the following formulae:

d rMA MAst= ⋅4

d rFlag Fst= ⋅ ⋅2 2

where rMAst was the average measured radius of a single MA
strand, and rFst was the average measured radius of a single
Flag silk strand.

Following Sensenig et al. (2010a), we calculated the total
volume of invested MA (VMA) and Flag (VFlag) silk using the
formulae

V
a b

R
d

MA N
MA= + ⋅ ⋅ ⋅ ⎛⎝⎜

⎞
⎠⎟4 2

2

π

V CTL
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Figure 2 The architecture of a typical Zygiella
s.l. web with measured parameters: a = web
width; b = web height; c = hub to top;
d = hub to bottom; e = hub to east side;
f = hub to west side; g = free zone width;
h = hub to capture thread above; i = hub to
capture thread below; j = free-sector angle;
SSN, SSS, SSE, SSW, number of capture
threads north, south, east and west of hub,
respectively.
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When orb web spiders build the capture thread, they coat
the two Flag strands with glue excreted from aggregate
glands. The glue coating then takes up atmospheric water
and forms into glue droplets according to the diameter of the
Flag thread and the glue coating volume, typically forming
alternating larger and smaller droplets (Opell et al., 2008;
Blackledge et al., 2011). To calculate the total volume of
invested glue, we measured only larger glue droplets because
the smaller ones represent a negligible amount of glue and
their presence is variable (Opell et al., 2008). We measured
the average droplet distance (DD) among at least 10 glue
droplets per capture thread, as well as the length and
width of two haphazardly chosen glue droplets for
every capture thread. Following Opell et al. (2008), we cal-
culated the volume of a single glue droplet (SDV) using the
formula

SDV
droplet width droplet length= ⋅ ⋅ ⋅2

15

2π

Following Sensenig et al. (2011), we calculated the total
volume of invested glue using the formula

V SDV
CTL
DD

G = ⋅

Phylogenetic allometry among orb spiders

To investigate how the volumes of materials scale among
orb-weaving spiders, we included data for 22 species (Support-
ing Information Appendix S2), published by Sensenig et al.
(2010a), performed linear regression and then investigated the
slopes of the regression lines (see ‘Allometry data analysis’ for
details). To confirm that our allometry analysis corresponds
to evolutionary correlation of spider size and foraging effort,
we performed phylogenetically independent contrasts (PIC;
Felsenstein, 1985) through the PDAP package (Midford,
Garland & Maddison, 2002), implemented in Mesquite
(Maddison & Maddison, 2013). We manually constructed the
phylogeny used for PIC based on the phylogenies of Sensenig
et al. (2010a) and Gregorič (unpubl. data).

Phylogenetic allometry in a recent radiation

To investigate how the volumes of materials scale among the
five Zygiella s.l. species, we performed linear regression and
then investigated the slopes of the regression lines (see
‘Allometry data analysis’ for details). We used medians as
species values because the number of individuals measured for
each species was not equal, and because the distribution of
data was not always normal.

Individual allometry

We checked all data for normality using Kolmogorov–
Smirnov tests. Because the distribution of data was not
always normal, we used the Kruskal–Wallis test and Mann–

Whitney U-tests, including Bonferroni correction, to
compare absolute silk and glue investment among the five
Zygiella s.l. species. We did not normalize data for these
tests in order to enable direct comparison of our results with
other studies.

To investigate how the volumes of materials scale among
individuals of the five Zygiella s.l. species, we performed
linear regression and then investigated the slopes of the
regression lines (see ‘Allometry data analysis’ for details). To
investigate how spider size of individuals correlates with
details in their web architecture and silk use, we normalized
data by log10-transforming them, and then used Pearson’s
correlation. All statistics were done in PASW 18 (Field,
2005).

Allometry data analysis

For all tests except PIC (Felsenstein, 1985), we log10-
transformed all data to normalize them and give a linear rela-
tionship of compared quantities. Log-transforming both axes
later enabled easier analysis of the slope of the linear functions
fitting our data.

To test whether volumes of invested materials correlated
with carapace width (spider size), we performed linear regres-
sion and then investigated the slopes of the regression lines. In
a linear function where y is the log of silk volume and x is the
log of carapace width

log log log ,y m x b= ⋅ +

‘m’ conveys how silk investment changes with body size.
Because we compared a linear measure of spider size (log
carapace length) with a cubic measure of invested material
(log silk volume), the isometric slope for such a log/log rela-
tionship equals three. Thus, if a linear function has a slope of
m = 3, the investment of a material increases at an isometric
rate with body size. If m < 3 or m > 3, the investment of a
material allometrically increases at a slower (negatively
allometrically) or faster (positively allometrically) rate, respec-
tively. Instead of the logarithmic form, the relationship
between two measured quantities could also be expressed in a
non-logarithmic form, the form of a power law

y b xm= ⋅

and in both cases m represents the scaling exponent.
To calculate if the slope of the linear function fitting our

data significantly deviates from the isometric slope (m = 3), we
used the formula

t
m
SE

= −( )3

where m is the slope of the linear function fitting our data.
We used the calculated t to subsequently calculate the
significance.

All statistics, except PIC, were done in PASW 18 (Field,
2005).
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Results

Phylogenetic allometry among orb spiders

In the analysis combining the newly investigated Zygiella s.l.
species with the 22 species investigated by Sensenig et al.
(2010a), the investment of both silk types and glue increased
slightly slower than carapace width (as a measure of spider
size), respectively (Fig. 3). Although the correlations and the
slopes of linear functions fitting these data were similar for all
three materials, the linear function of the MA silk and glue
volumes significantly differed from isometry, while this was
not the case for Flag silk volume (Fig. 3). We additionally
performed Felsenstein’s independent contrasts (Felsenstein,
1985) and confirmed high evolutionary correlation of spider
size and amount of invested web materials: MA silk
(P = 0.029; r = 0.847), Flag silk (P = 0.029; r = 0.689) and glue
(P = 0.002; r = 0.784) amounts all positively correlated with
spider size.

Phylogenetic allometry in a recent radiation

The volumes of materials that the investigated Zygiella s.l.
species use for building webs varied between species (Fig. 1;
Supporting Information Appendix S1). L. thorelli used
more MA and Flag silk than all other species, followed
by Z. keyserlingi that used more MA and Flag silk than
P. montana, S. stroemi and Z. x-notata. L. thorelli and
Z. keyserlingi used more glue than other species. P. montana
and S. stroemi used the least MA and Flag silk, and glue.
While web architecture, for example, web size and symmetry,
radial and capture thread counts, etc., characteristically vary
between the five Zygiella s.l. species (Gregorič et al., 2010),
our results show that these species also used silk threads and
glue droplets of significantly different sizes (Supporting Infor-
mation Appendix S1).

While the investment of silks and glue increased slightly
slower than spider size across the 22 orb-weaving species

(Fig. 3), none of the material volumes correlated with spider
size across the five investigated Zygiella s.l. species. However,
the slopes of linear functions fitting our data indicated an
isometric or slightly negatively allometric relationship
(Fig. 4d–e).

Individual allometry

The scaling patterns of carapace width with volumes of
materials varied between Zygiella s.l. species (Fig. 4). The
volumes of all materials scaled isometric to spider size in
L. thorelli and S. stroemi: the amount of materials increased
with the power of ∼3 in relation to spider size in L. thorelli,
and with the power ∼ 5–7 in S. stroemi (Fig. 4a–c). On the
other hand, no material volume correlated with spider size in
Z. keyserlingi, Z. x-notata and P. montana (Fig. 4a–c). One
Z. keyserlingi individual largely departed in size from others
(Fig. 4a–c). To check if this individual influences our results,
we excluded it in an extra analysis, Fig. 4, but this analysis did
not change the overall correlation patterns (MA silk:
P = 0.456, R2 = 0.033; Flag silk: P = 0.215, R2 = 0.089; glue:
P = 0.501, R2 = 0.027).

Larger individuals of the investigated Zygiella s.l. spe-
cies altered their web architecture and silk use differ-
ently (Table 1). For example, larger individuals of both
L. thorelli and S. stroemi used more of all three materials
(Fig. 4), spread over larger capture areas (Table 1).
However, larger individuals of L. thorelli produced thicker
threads as well as fewer but substantially larger glue drop-
lets, while larger individuals of S. stroemi produced threads
of the same thickness and glue droplets of same size and
number. Larger individuals of Z. x-notata produced larger
glue droplets but fewer of them (Table 1), and thus the
overall volume of invested glue was not correlated with
spider size (Fig. 4). Carapace width in Z. keyserlingi and
P. montana did not correlate with any of the investigated
web parameters (Table 1).
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Discussion

Foraging effort in orb-weaving spiders is expressed mainly as
the amount of silk and glue used to build webs and critically
influences web performance, and thus plays a key role in
microhabitat adaptation of species and maximizing the fitness
of individuals (Blackledge et al., 2011; Harmer et al., 2011).
How web traits connected to web performance scale with body
size is thus critical for understanding the body size and web
evolution of orb web spiders. Few studies have investigated
how foraging effort in spiders scales with body size, and no

single study has investigated how it scales across species. For
example, in another orb weaver, Neoscona arabesca, body size
through ontogeny scaled isometrically with MA and Flag silk
investment and positively allometrically with glue investment.
The material properties of MA silk remained constant while
the webs became sparser and relatively smaller. These rela-
tionships then resulted in the web’s stopping potential scaling
isometrically with spider size while stickiness per area declined
allometrically (Sensenig et al., 2011). At the interspecific level,
larger orb web species use more silk with improved material
properties, resulting in webs with higher stopping potentials;
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2 * p=0.178
R =0.124, p=0.127R =0.023, p=0.522 R =0.028, p=0.485

22 2

R =0.036, p=0.448R =0.044, p=0.405 R =0.115, p=0.169
22 2

R =0.023, p=0.675R =0.012, p=0.765 R =0.015, p=0.738
22 2

R =0.566, p=0.142R =0.574, p=0.138 R =0.417, p=0.239
22 2

y=2.20x-3.1 y=3.16x-3.7 y=3.02x-2.0

Figure 4 Correlations of major ampullate (radial threads) silk volume, flagelliform (capture silk threads) silk volume and glue with spider carapace
width in the five investigated Zygiella s.l. species. In the linear function y = m · x + b, ‘m’ represents its slope and ‘x’ represents the log of spider
size. Asterisks mark significant correlations. The P-values next to linear functions fitting these significant correlations represent the significance of
whether the slope of linear function fitting our data differs significantly from the isometry slope m = 3. No linear function is given for uncorrelated
parameters.
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however, how these parameters scale with spider size is not
entirely clear (Sensenig et al., 2010a). By investigating silk and
glue investment as well as web architecture in relation to
spider size, we show that the material invested into orb webs
increases slightly slower in proportion with body size across
orb web spiders. Within the five Zygiella s.l. species investi-
gated here, the invested materials vary significantly in whether
and how they correlate with body size.

Phylogenetic allometry across orb spiders

Phylogenetic allometry of behavior is particularly understud-
ied, and relationships of behavioral traits to body size are
hypothesized to differ between clades and depend on the taxo-
nomic level of the particular analysis (Dial et al., 2008). We
show that across 27 orb-weaving species of several families
that range fivefold in size (Supporting Information Appen-
dix S2), the amount of MA silk and glue that spiders use for
building orb webs increased slightly slower than isometry in
proportion with spider size, while Flag silk volume scaled
isometrically (Fig. 3). Furthermore, a high ∼70–80% of vari-
ation in these material amounts is explained by spider size
alone (Fig. 3). As the amount of silks and glue is logically
connected with the size of spinning glands, one would intui-
tively expect an isometric increase of spinning gland size with
spider body size. However, web building is energetically costly
and thus strongly influenced by the spiders’ metabolic rate
(Prestwich, 1977; Blackledge et al., 2011). While higher
material investment into webs should allow the building of
better-performing webs, we find it likely that material invest-
ment is limited by metabolic rate of spiders. Metabolic rate
scales with negative allometry across animals in general (West,

Brown & Enquist, 1997; Hulbert & Else, 2000), including
spiders (Anderson, 1970, 1996). Similar to the metabolically
costly web building in spiders, eye surface area and facet diam-
eter scale negatively allometrically to body size in butterflies,
bees, ants and other insects, and such negative allometry is
associated with metabolic constraints (Zollikofer, Wehner &
Fukushi, 1995; Merry et al., 2006).

Although generalizations in allometry studies are difficult,
most traits in animals seem to scale negatively with body
size and any perfect isometry is regarded a special case
(Bonduriansky & Day, 2003; Shingleton et al., 2007). The
few traits that exhibit positive allometry are mostly ‘exagger-
ated or bizarre’ and are usually shaped by sexual selection
(Bonduriansky & Day, 2003; Bonduriansky, 2007). These
general patterns correspond to material investment in orb web
spiders increasing slightly slower in proportion with body size.
However, larger spider species have generally evolved tougher
silk, and the stopping potential per unit web area, the most
important trait in stopping prey, thus increases positively
allometrically with size, although the only study documenting
this does not reveal the exact scaling exponent (Sensenig et al.,
2010a). These scaling patterns indicate that spiders in general
might be constrained by the proportional amount of materials
available to build webs, as larger webs seem to be challenged
by disproportionally large kinetic energies from potential prey
(Blackledge et al., 2011). Evolving tougher silk and/or novel
web architectures seems to compensate for that, as exemplified
by the extremes in the largest orb web spider genus Nephila
that builds very large and dense webs (Kuntner &
Coddington, 2009; Sensenig et al., 2010a), and by Caerostris
darwini that uses the toughest known silk to construct the
largest orb webs known (Agnarsson, Kuntner & Blackledge,

Table 1 Pearson’s correlations of web variables and spider carapace width for the investigated Zygiella s.l. species

Leviellus thorelli Parazygiella montana Stroemiellus stroemi Zygiella keyserlingi Zygiella x-notata
n = 18 n = 10 n = 22 n = 20 n = 18
Carapace width (log) Carapace width (log) Carapace width (log) Carapace width (log) Carapace width (log)

Body mass (log) P < 0.000 P = 0.036 P = 0.005 P = 0.001 P = 0.028
r = 0.968 r = 0.555 r = 0.579 r = 0.679 r = 0.518

MA silk diam. (log) P = 0.001 P = 0.442 P = 0.695 P = 0.331 P = 0.745
r = 0.701 r = −0.275 r = 0.088 r = 0.229 r = 0.082

Flag silk diam. (log) P = 0.001 P = 0.580 P = 0.237 P = 0.193 P = 0.356
r = 0.713 r = −0.200 r = 0.263 r = 0.304 r = −0.231

No. of radial threads (log) P = 0.986 P = 0.525 P < 0.001 P = 0.876 P = 0.359
r = −0.005 r = −0.228 r = 0.683 r = 0.037 r = 0.230

Capture silk length (log) P = 0.096 P = 0.804 P < 0.001 P = 0.325 P = 0.265
r = 0.404 r = 0.073 r = 0.542 r = 0.232 r = 0.278

Glue droplet volume (log) P < 0.001 P = 0.990 P = 0.426 P = 0.548 P = 0.037
r = 0.786 r = −0.005 r = 0.179 r = 0.143 r = 0.495

Glue droplets per mm (log) P < 0.001 P = 0.776 P = 0.966 P = 0.678 P = 0.009
r = −0.816 r = −0.104 r = −0.01 r = −0.099 r = −0.598

Capture area (log) P = 0.023 P = 0.279 P = 0.003 P = 0.396 P = 0.283
r = 0.533 r = 0.380 r = 0.604 r = 0.201 r = 0.268

Mesh width (log) P = 0.080 P = 0.112 P = 0.029 P = 0.836 P = 0.249
r = 0.423 r = 0.534 r = 0.465 r = −0.049 r = 0.287

Significant results are bolded.
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2010; Sensenig et al., 2010a; Gregorič et al., 2011). Nonethe-
less, the available silks and glue might present an important
limiting factor in web performance and thus body size evolu-
tion of orb web spiders (Blackledge et al., 2011).

Phylogenetic allometry in a recent radiation

The negatively allometric scaling of web materials with body
size across orb web spiders is partially confirmed among the
five investigated Zygiella s.l. species. Although the five
data points of average material amounts are too few for a
reliable statistical test, the slopes of linear functions fitting
our data are close to isometric or negatively allometric
(Fig. 4d,e). Furthermore, our preliminary molecular analysis
reliably shows that Zygiella s.l. is a monophyletic group con-
sisting of two clades, Leviellus + Stroemiellus and Zygiella +
Parazygiella (Gregorič et al., unpubl. data). Web investment
scales differently within each of these two clades – our results
hint at isometric scaling of materials and size in Leviellus +
Stroemiellus, but not so in Zygiella + Parazygiella, although
our sample size is too small to statistically test the prediction
(Fig. 4d–f). Furthermore, our results indicate similar scaling
patterns not only at the phylogenetic, but also at the individ-
ual level. Namely, among individuals of both L. thorelli and
S. stroemi, the investment of all materials scales isometrically
with body size, while material investment does not correlate
with body size in Z. keyserlingi, Z. x-notata and P. montana
(Fig 4a–c). This indicates that general scaling patterns across
groups at a higher phylogenetic level might not always be
reflected at the level of smaller monophyletic groups (Dial
et al., 2008). Such patterns thus further hint at a possibility
that phylogenetic constraints explain, to some extent,
behavioral variation even at the individual level.

Individual allometry

In addition to differences in how material investment in webs
correlates with body size in Zygiella s.l., L. thorelli and
S. stroemi also differ in details of how web architecture and
silk use correlate to body size. Namely, these two species seem
to have opposite patterns of material investment (Table 1).
The capture area correlates positively with body size in both
species, but in L. thorelli, the increase of total material
volumes across the slightly larger web is due to using thicker
threads and larger glue droplets, while in S. stroemi, the
increase in material volumes is due to covering the substan-
tially larger web using more radial and capture threads of
same diameters and covered with glue droplets of same size
and number. In other words, with increasing body size, webs
of L. thorelli likely have higher stopping potentials and are
thus capable of dissipating the kinetic energy of larger and/or
faster flying prey, while webs of S. stroemi likely exhibit equal
stopping potential per unit area but are capable of intercept-
ing more prey (Craig, 1987b). However, these predictions
cannot be further tested as the prey spectrum for most spider
species, including the here investigated, is unknown.

Besides phylogenetic constraints, several other factors
could explain the above mentioned patterns. First, the bodies

of growing spiders might change allometrically in a different
way between species of different sizes, which might favor dif-
ferent web traits. Indeed, L. thorelli is significantly larger than
S. stroemi and this might partially explain the differences in
patterns of silk and glue use. However, as the other three
species are of intermediate size, this hardly explains why there
is no correlation of body size and foraging effort between
individuals within them. Second, ecological factors might
affect patterns of material investment. For example, orb webs
are generally adapted to prey taxa that contribute the most
caught biomass (Venner & Casas, 2005; Blackledge, 2011).
Although most spiders are generalist predators (Birkhofer &
Wolters, 2012; Pekar, Coddington & Blackledge, 2012), dif-
ferent spider species predominantly prey on certain inver-
tebrate groups and/or certain sizes of prey (Nentwig, 1983,
1985; Pekar et al., 2012). Thus, web properties that maximize
foraging have likely been selected for, and thus might reflect
adaptations to different prey taxa and their kinetic character-
istics. Indeed, the here investigated species occupy different
habitats in the same general area. L. thorelli and P. montana
are widespread on human constructions, but occur on differ-
ent elevations, S. stroemi builds arboricolous webs on trunks
of certain trees, Z. x-notata occurs on human constructions
and exposed vegetation in coastal regions, and Z. keyserlingi
build its webs in coastal shrubs and bushes (Gregorič et al.,
2010).

Our results also highlight the importance of assessing for-
aging investment as the interplay between web architecture
and silk. Namely, most previous studies investigating foraging
effort document only changes in web shape and architecture,
and often come to conflicting conclusions. For example, they
show that hungry individuals of some species increase their
foraging effort by building larger webs and/or using more
threads, while sated individuals allocate their resources away
from continuous foraging (e.g. Sherman, 1994; Venner et al.,
2000; Mayntz et al., 2009), but several studies found no or
even the opposite effect (Witt, Reed & Peakall, 1968; Vollrath
& Samu, 1997; Nakata, 2007; Blamires, 2010). Our results
show that different species might alter different parameters of
webs, for example, changing thread diameters versus changing
thread lengths, which both result in changed foraging effort.
However, changed diameters would remain undetected if
quantifying only web architecture, and the functional conse-
quences of orb webs cannot be inferred correctly without such
information.

There is another shortcoming that makes comparing and
synthesizing all these findings difficult. While we consider our
study an important step forward in understanding foraging
effort in orb web spiders, none of the mentioned studies inves-
tigated the metabolic costs of web building per se. Thus, these
studies are in fact underestimating total foraging investment
and instead estimate foraging effort in terms of the invested
materials. As the metabolic rate in spiders scales with negative
allometry, corresponding to a general trend across animals
(Anderson, 1970, 1996; West et al., 1997; Hulbert & Else,
2000), this confirms the negatively allometrical scaling of body
size and material volume among the 27 orb-weaving species
and is unlikely to influence our results. Furthermore, Venner
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et al. (2003) measured web architecture and metabolic costs
during web building in relation to body mass and show that
heavier individuals of Z. x-notata spent more energy in web
building. As body size and body mass highly correlated among
the individuals of all here investigated Zygiella s.l. species
(Table 1), it is unlikely that potential differences in web build-
ing costs influenced our results.

Conclusions
We show here that the amount of material that orb-weaving
spiders use for building webs scales negatively allometrically
with body size across orb web spiders, and suggest that avail-
ability of silks and glue is an important limiting factor in the
evolution of web performance and spider body size. We find
support for the prediction that the allometry of behavioral
traits across groups at a higher phylogenetic level is not always
reflected at the level of smaller monophyletic groups or at the
individual level. We also show that, according to their body
size, individual spiders change their webs both in web archi-
tecture and silk investment, and one has to quantify both to
better estimate foraging effort.
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76 Journal of Zoology 296 (2015) 67–78 © 2015 The Zoological Society of London



Field, A. (2005). Discovering statistics using SPSS: 816.
London: Sage Publications.

Garland, T. & Kelly, S.A. (2006). Phenotypic plasticity and
experimental evolution. J. Exp. Biol. 209, 2344–2361.
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