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Abstract Tundra ecosystems are often unproductive, and
peaks in resource availability are highly variable in space
and time. Therefore, the success of organisms inhabiting
these biomes likely depends on their ability to efficiently
exploit heterogeneously distributed resources. We assessed
how orb-weaving spider (Larinioides patagiatus) aggre-
gations near Lake Myvatn, Iceland, respond to large midge
(Diptera: Chironomidae) emergences that subsidize eco-
logical communities in the surrounding landscape. The
emergences occur for only a few weeks each summer, and
the subsidy declines with distance from the lakeshore,
producing large spatiotemporal variation in prey avail-
ability that might drive orb-weaver foraging behavior. We
conducted three surveys during different phases of the
summer emergence along a distance gradient to quantify
variation in spider aggregation, web size, and habitat use in
response to prey abundance. We found that aggregation
size increased with the abundance of aerial prey, with the
highest orb-weaver densities occurring at peak midge
emergence. In contrast, changes in web size did not vary
with midge abundance, but rather were determined by
physical habitat structure. Our results illustrate how orb-
weaver aggregations and web building can respond to
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Introduction

Movement of materials and energy across ecosystem
boundaries is widespread and can either directly or indi-
rectly subsidize consumer populations (e.g., herbivores and
predators) beyond the levels that local primary production
would otherwise support (Polis et al. 1997; Nakano and
Murakami 2001; Carpenter et al. 2005; Croll et al. 2005;
Baxter et al. 2005). In unproductive landscapes, such as
deserts and tundra, aquatic production in adjacent bodies of
water can greatly exceed terrestrial production and provide
an important subsidy to consumers living along the shore
(Polis and Hurd 1995; Sabo and Power 2002; Croll et al.
2005; Gratton et al. 2008; Dreyer et al. 2012). For example,
desert islands in the Gulf of California (Polis and Hurd
1995) and subarctic islands in the Aleutian archipelago
(Croll et al. 2005) can sustain relatively high densities of
arthropods due to marine subsidies, such as algal wrack and
seabird guano. However, aquatic-terrestrial subsidies vary
dramatically through space and time, and the capacity for
consumers to effectively exploit subsidies depends on their
ability to track spatiotemporal variation in their resources
(Polis et al. 1997; Orr et al. 2005; Yang et al. 2010;
Hoekman et al. 2011).

In this study, we explored responses of the orb-weaving
spider Larinioides patagiatus (Clerck, 1757) (Aranea:
Araneidae) to aquatic insect emergences from Lake
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Myvatn in northern Iceland. Due to its high latitude and
location in an actively volcanic region, much of the land-
scape surrounding the lake consists of barren lava fields
that support limited primary production (Einarsson et al.
2004). However, Myvatn itself is naturally eutrophic and
supports large midge (Diptera: Chironomidae) emergences
that subsidize the terrestrial habitats immediately adjacent
to the lakeshore (Einarsson et al. 2004; Gratton et al. 2008;
Dreyer et al. 2015). Midge deposition near shore can
exceed 100 kg ha™' yr™' (Dreyer et al. 2015) and several
studies have demonstrated the importance of this subsidy
for arthropod communities surrounding the lake (Dreyer
et al. 2012; Hoekman et al. 2012). Myvatn’s midge
emergences are highly variable through space and time; the
two dominant taxa only emerge for a few weeks each
summer and fluctuate over four orders of magnitude
between years (Einarsson et al. 2002; Ives et al. 2008).
Furthermore, the magnitude of midge deposition declines
dramatically with distance from the lakeshore (Dreyer et al.
2015). Therefore, we expected that the size of L. patagiatus
aggregations would vary spatiotemporally in response to
the availability of food, as has been observed for aggre-
gations of other orb-weavers (Rypstra 1983, 1985; Gille-
spie 1987).

Our objective was to assess the responses of L. pata-
giatus to temporal and spatial variability of prey by sur-
veying the size of aggregations and webs at various
distances from Myvatn’s shore and at three times before
and during a midge emergence. We hypothesized that L.
patagiatus would form larger aggregations near the lake
and during peak midge emergence, reflecting a reduction in
territoriality associated with competition for food (Riechert
and Tracy 1975; Wise 2006; Kasumovic and Jordan 2013).
Furthermore, we expected web size to be smallest near
shore and during peak emergence, because even small
webs would catch enough prey to meet the energetic
demands of individual spiders. Variation in physical habitat
structure can strongly influence aggregation formation and
web size. Therefore, we also quantified variation in sub-
strate type and vertical substrate complexity so that their
effects could be accounted for when investigating the
effects of prey abundance on web and aggregation size.

Methods
Study site

Lake Myvatn is located in northeast Iceland with a sub-
arctic climate (Bjornsson and Jonsson 2004) and is sur-
rounded by a matrix of grassland, heathland, and barren
lava fields (Gratton et al. 2008). The lake is moderately
large (37 km?), shallow (mean depth = 2.5 m), and is fed
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by nutrient rich springs that support high primary and
secondary production (Einarsson et al. 2004). Tanytarsus
gracilentus is the dominant midge and typically has two
emergences each season (late spring and mid summer),
while the second most abundant species (Chironomus
islandicus) has a single emergence in late spring (Einarsson
et al. 2004). The remaining species (~40) emerge
throughout the summer, although they compose a small
portion of the aquatic-terrestrial subsidy. The adult midges
move passively and actively across the landscape and
decline in abundance from the lakeshore up to 500 m
(Dreyer et al. 2015). This study was conducted near the
Kalfastrond peninsula along the southeastern shore of the
lake (65°33'58.60''N, 16°56'48.60"W) (Fig. 1), which is
characterized by lava formations that provide a substrate
for L. patagiatus to build their webs.

Study organism

Larinioides patagiatus is a widespread species of orb-
weaving spider (family Araneidae) with a holarctic distri-
bution (Levi 1974). The life history of L. patagiatus has not
been well characterized at Myvatn. However, it likely takes
at least one or two years for it to complete, with a single
cohort of spiderlings hatching in late spring and early
summer of each year (personal observation). In other
locations, adult females are active from April to September
and males from May to October (Nentwig et al. 2017).
However, their period of activity is likely shorter at
Myvatn due to its cool climate and late persistence of
snow. While it is not clear how synchronized hatching of
spiderlings is, we focused our study in late summer when
we expected most of the cohort to have hatched. Juvenile
and adult Larinioides generally build their webs near water
on elevated structures such as bushes, trees, and rocky
pillars (Sestakovd et al. 2014). At Myvatn, L. patagiatus
primarily inhabit lava pillars, which are topographically
prominent and are abundant on the Kalfastrond peninsula.

Surveys

To assess the responses of L. patagiatus to spatiotemporal
variability in prey, we measured aggregation and web sizes
in 30 2x2 m plots extending from 3 to 417 m from the
lakeshore (Fig. 1). The plots were selected haphazardly,
while ensuring that each contained lava formations that
would provide suitable habitat for L. patagiatus. These lava
formations are discrete landscape features and the focal
points for the formation of L. patagiatus aggregations. The
plots straddled a highway that passed 200-300 m from the
lakeshore. We surveyed each plot three times in the sum-
mer of 2015 (30 July, 13 August, and 20 August). The first
survey occurred before the midge (primarily Tanytarsus)
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emergence started, and the subsequent two occurred during
the emergence.

Larinioides patagiatus is quite cryptic in this land-
scape and detection of individuals likely varies with
different landscape features (e.g., presence of vegetation)
that show strong variation with distance from the lake.
Therefore, we focused on the number of webs in each
plot as a proxy for the number of spiders in each
aggregation, which is likely less biased than counts of
spiders. In this context, “aggregation” refers to the
density of individuals located in a discrete portion of
landscape, (e.g., lava pillar located within the plots),
rather than the degree to which the distribution of
individuals is spatially clumped. There is a single other
large orb-weaving species at Myvatn (Tetragnatha
extensa). However, it is primarily restricted to grassland
habitat and was never observed in the plots used in this
study, making it unlikely that the webs in our plots could
have been made by any species other than L. patagiatus.
For each survey, we counted the number of webs in each
plot (as a proxy of the number of spiders in the aggre-
gation) and measured the vertical (d,), horizontal (d,),
and hub (d,) diameters of a random subset of 851 webs
across the 30 plots. The web measurements were used to
calculate the web areas by approximating the web as an
ellipse and subtracting the circular hub area, with the
following formula: web area =n (d,d, _ d})/4 (Her-
berstein and Tso 2000). An important limitation of these
data is our inability to distinguish juvenile from adult
spiders, beyond their differences in web size. Ideally, we
would have been able to collect individual spiders from
each survey to obtain a direct measure of age distribu-
tions and size (as a proxy of fitness). However, to allow

repeated surveys of the same plots, we did not disturb
the populations in each plot through specimen collection.

To quantify the abundance of aerial prey during each
survey, we secured 10 x 12 cm transparent adhesive cards
(WindowBugCatcher, Alpha Scents, OR, USA), designed
to trap flying insects, to rebar stakes 1 m above the ground.
We set the traps nine days prior to the first survey and reset
the traps for each subsequent survey immediately after
collection. After collection of each trap, we counted the
total number of midges and other flying insects on each
adhesive card. As the traps were deployed for different
numbers of days (9, 13, and 7) for the three surveys, we
divided the counts by the number of days each trap was set
to calculate the capture rate. Hereafter, “aerial prey” refers
to the total number of midges and other flying insects
captured per day per card.

Habitat structure

To quantify variation in substrate complexity for each plot,
we adapted a method for measuring topographical com-
plexity of corals (McCormick 1994). In the center of each
plot, we placed a vertical pole of a fixed height with a
rotating arm parallel to the ground that extended 1 m from
the center pole. We oriented the arm to the north and
measured the vertical distance from the arm to the substrate
for every 10 cm along the arm (negative values for points
below the arm and positive for points above). For each
point, we also categorized the substrate as “rock” or
“other” (primarily bare ground or vegetation). This pro-
cedure was repeated for every cardinal and intercardinal
orientation of the arm (eight directions). We defined
“substrate complexity” as the standard deviation in
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distances from the arm to the substrate (i.e., the total
variation in substrate height, closely related to surface
roughness) (McCormick 1994; Hoechstetter et al. 2008)
and “rockiness” as the proportion of points on the substrate
that were classified as rock. Substrate complexity and
rockiness were weakly negatively correlated (r = —0.24,
p = 0.02), as the lava formations that contributed to
complexity were partially covered by soil and sparse
vegetation.

Statistical methods

We fit linear models to quantify variation in rockiness and
substrate complexity with distance, and we fit a linear
mixed model to quantify variation in aerial prey with dis-
tance and (categorical) survey. For the latter, we included
the distance x survey interaction and a random intercept
by plot to account for repeated measures.

The size of L. patagiatus aggregations in a particular
location depends on the overall population density, which
could be influenced by a variety of factors beyond the
scope of this study (e.g., stochastic colonization by bal-
looning spiderlings or differences in landscape use by
juveniles and adults). Furthermore, webs might have per-
sisted for different lengths of time, depending on habitat
features and behavioral plasticity of individual spiders. To
control this variation, we used the change in the number of
webs between consecutive surveys as the response variable
in a linear mixed model including rockiness, substrate
complexity, aerial prey, and distance from shore. There-
fore, our analysis focuses on the factors that determine
temporal variation in aggregation size, rather than aggre-
gation size per se. We included all two-way interactions
between explanatory variables and a random intercept by
plot to account for repeated measures. We performed a
parallel analysis on web size (actual, rather than change
between surveys), and included terms for (categorical)
survey and its two-way interactions.

To reduce skew in the residuals, we log-transformed
aerial prey (as a response variable) and web size. We
z-transformed (subtracted the mean and divided by the
standard deviation) rockiness, substrate complexity, dis-
tance from shore, and aerial prey so that we could compare
the coefficients as “effect sizes”. All analyses were con-
ducted with R version 3.3.1 (R Core Team 2014), using
either the ‘Im’ function or the ‘Imer’ function from the
package ‘lme4’. We calculated p values with F tests (using
Kenward-Rogers denominator degrees of freedom for
mixed-models) and dropped non-significant interactions
via backwards selection before calculating p values for the
corresponding main effects.
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Results
Aerial prey, substrate complexity, and rockiness

The abundance of aerial prey increased across the three
surveys (Frss12 = 49.5, p < 0.0001), with surveys two
and three corresponding with the emergence of summer-
generation midges (Fig. 2a). Aerial prey decreased with
distance from shore (Fj445 = 4.9, p = 0.0328), and the
rate of this decline increased through time (F, 550 = 13.9,
p < 0.0001) as it was primarily due to the midges that
emerged from the lake. Rockiness increased with distance
from shore (F,3 = 31.1, p <0.0001; Fig. 2c) as the
landscape transitioned from grassland and mixed heathland
to barren lava fields. In contrast, substrate complexity
displayed no consistent trend with distance (F;,3 = 0.8,
p = 0.3757; Fig. 2b).

Aggregation size

Average aggregation size increased between consecutive
surveys (mean change = 4.6 individuals &+ 1.3 SE,
n = 59) and changes in aggregation size were positively
related to the abundance of aerial prey (Table 1; Fig. 3). In
contrast, aggregation size did not vary with rockiness,
substrate complexity, or distance from shore. None of the
interaction terms in the model were significant. The vari-
ance in the change in aggregation size was substantially
larger when the abundance of aerial prey was low. This
likely is due in part to the difference in sample size, as the
distribution of aerial prey was quite skewed. Repeating this
analysis using square-root transformed aerial prey abun-
dance to reduce skew yielded qualitatively identical results
(not presented).

Web size

Web size increased with substrate complexity and distance
from shore (Table 2). Furthermore, the substrate com-
plexity x distance interaction was significantly positive,
such that web size was greatest at high substrate com-
plexity far from shore (Fig. 4). Web size also increased
between the three surveys, with mean areas (sz) of
119+£11.2 SE (n =30), 1752+144 (n=30), and
199+£18.6 (n = 29) for surveys one, two, and three
(Fig. 5). Aerial prey and rockiness had no effect on web
size.
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Fig. 2 a Aerial prey capture rate (number per day), b substrate
complexity (cm), and ¢ rockiness (proportion) plotted against distance
from the lakeshore (m). Panel a includes data for the three surveys
(black circles = survey 1, gray triangles = survey 2, blue
squares = survey 3). The lines show model predictions, with solid
lines indicating statistically significant relationships and the dashed
line indicating a non-significant relationship. (Color figure online)

Table 1 Results of F tests for linear mixed model relating change in
aggregation size to explanatory variables, with Kenward-Roger
denominator degrees of freedom (ddf)

Parameter F ddf P
Distance 1.81 33.70 0.187
Aerial prey 4.79 45.70 0.034*
Substrate complexity 1.70 24.80 0.207
Rockiness 0.001 28.10 0.922

Non-significant interactions omitted for clarity
* P <0.05, ** P <0.01, *** P < 0.001, **+* P < 0.0001
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Fig. 3 Change in Larinioides patagiatus aggregation size (number of
spiders) plotted against distance from the lakeshore (m), with the line
showing the model prediction. The change in aggregation size was
calculated as the differences in size between consecutive surveys

Table 2 Results of F tests for linear mixed model relating web size
to explanatory variables, with Kenward—Roger denominator degrees
of freedom (ddf)

Parameter F ddf P

Distance 2580 3434  <0.0001%***
Aerial prey 0.23  61.88 0.631
Substrate complexity 5.50 24.15 0.028*
Rockiness 236 26.86 0.136
Survey 13.10  65.64  <0.0001%*%***
Distance x substrate complexity 8.45 23.82 0.008%**

Non-significant interactions omitted for clarity
* P < 0.05, ** P <0.01, *** P <0.001, **** P < 0.0001
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Discussion

We investigated spatiotemporal patterns in orb-weaver
aggregations and web size in response to prey availability
and habitat features. Our results showed that temporal
variation in the size of orb-weaver aggregations was
influenced by the abundance of aerial prey (Fig. 2).
Aggregation size increased by 46% over the course of the
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midge emergence (between the first and third surveys), and
the increases between surveys were greater in locations
where the abundance of aerial prey was higher (Fig. 3)
This result is consistent with previous studies that have
documented increases in orb-weaver aggregation size in
response to abundant prey, (Rypstra 1983; Gillespie 1987;
Kralj-Fiser and Schneider 2012). By quantifying aggrega-
tion and web formation in response to midge emergence at
Myvatn, this study links previously known effects of prey
variability on spider aggregations with spatiotemporal
variation in cross-ecosystem subsidies to an otherwise
unproductive landscape.

Contrary to our expectations, orb-weaver web size did
not respond to spatiotemporal variation in aerial prey.
Nonetheless, web size did vary through space and time due
to other factors. The increase in web size through time is
likely due to the ontogeny of L. patagiatus, as adult spiders
build larger webs than juveniles (Herberstein and Tso
2000; Marczak and Richardson 2008). Spatial variation in
web size was partly due to an increase in web size with
substrate complexity. However, web size also increased
with distance, and the effects of distance and substrate
complexity interacted; web size was greatest at high sub-
strate complexity far from shore. This could be explained
by spatial variation in habitat use between juveniles and
adults (Werner and Gilliam 1984); juveniles may be more
dependent on chironomids emerging from the lake, making
it advantageous for them to aggregate near shore where
they would build smaller webs. However, the increase in
aggregation size with the abundance of aerial prey was
independent of distance from shore, arguing against dif-
ferences in habitat use by juveniles and adults causing our
result that web size increased away from shore. Further-
more, web size may have varied among individuals of
similar ages, and distance from shore is associated with a
suite of factors (e.g., differences in plant and terrestrial
arthropod communities) that could be responsible for such
variation (Hoekman et al. 2011; Dreyer et al. 2012; Bult-
man et al. 2014).

Multiple studies have documented effects of substrate
topography on orb-weaver aggregations and web size,
typically due to geometric constraints on web construction
that limit the total number of webs (and therefore spiders)
that can occupy a given area (Rypstra 1983; Sandoval
1994; Halaj et al. 1998; Chan et al. 2009). However, our
results suggest that L. patagiatus populations were not so
constrained during our study period, as aggregation size
was independent of variation in substrate. Furthermore,
while web size did increase with substrate complexity, both
aggregation and web size increased through time, with the
mean total web area per plot increasing from 2600 to
6500 cm® (150%). Such a dramatic increase in total web
area is inconsistent with a strict geometric constraint on the
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total substrate available for web building, suggesting that
substrate complexity is correlated with some other feature
of the environment that is important for web building. For
example, topographic complexity may provide habitats for
additional prey items or collect masses of adult midges,
which are weak fliers and can easily become trapped in
slightly enclosed spaces.

Cross-ecosystem subsidies are ubiquitous and often
important for sustaining consumer populations in barren
landscapes (Polis et al. 1997; Nakano and Murakami 2001;
Carpenter et al. 2005; Croll et al. 2005; Baxter et al. 2005).
However, subsidies are heterogeneously distributed and
their impact on consumer populations depends on the
ability of consumers to track them through space and time
(Polis et al. 1997; Orr et al. 2005; Yang et al. 2010;
Hoekman et al. 2011). Our results show how the size of
orb-weaver aggregations responds to large, but variable,
midge emergences that subsidize the terrestrial landscape,
and this may have consequences for the reproductive fit-
ness and the resulting dynamics of the orb-weaver
populations.
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