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Abstract The effects of plant genetics on predators, espe-
cially those not living on the plant itself, are rarely stud-
ied and poorly understood. Therefore, we investigated the
effect of plant hybridization and genotype on litter-dwelling
spiders. Using an 18-year-old cottonwood common garden,
we recorded agelenid sheet-web density associated with
the litter layers of replicated genotypes of three tree cross
types: Populus fremontii, Populus angustifolia, and their F,
hybrids. We surveyed 118 trees for agelenid litter webs at
two distances from the trees (0—100 and 100-200 cm from
trunk) and measured litter depth as a potential mechanism
of web density patterns. Five major results emerged: web
density within a 1-m radius of P. angustifolia was approx-
imately three times higher than within a 1-m radius of P.
Jfremontii, with F, hybrids having intermediate densities;
web density responded to P angustifolia and F; hybrid
genotypes as indicated by a significant genotype x dis-
tance interaction, with some genotypes exhibiting a strong
decline in web density with distance, while others did not;
P. angustifolia litter layers were deeper than those of P, fre-
montii at both distance classes, and litter depth among P.
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angustifolia genotypes differed up to 300 %; cross type and
genotype influenced web density via their effects on litter
depth, and these effects were influenced by distance; web
density was more sensitive to the effects of tree cross type
than genotype. By influencing generalist predators, plant
hybridization and genotype may indirectly impact trophic
interactions such as intraguild predation, possibly affecting
trophic cascades and ecosystem processes.

Keywords Agelenidae - Genotype - Populus - Cross
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Introduction

Plant genetic identity (e.g., species, interspecific hybrids,
genotypes) can influence a diverse array of associated
biota. For example, plant hybrid systems can influence
arthropod and understory plant species abundance and
community composition (Strauss 1994; Whitham et al.
1999; Drew and Roderick 2005; Lamit et al. 2011a), while
intraspecific plant variation is known to affect arthropods,
understory and epiphytic plants, microbes, and epiphytic
lichens (Karban 1989; Johnson and Agrawal 2005; Haloin
and Strauss 2008; Schweitzer et al. 2008; Crutsinger et al.
2010; Keith et al. 2010; Lamit et al. 201 1b; Zytynska et al.
2011; Whitham et al. 2012). Although species sensitivity to
plant genetic identity is a widespread phenomenon (Haloin
and Strauss 2008; Whitham et al. 2012), much of the
arthropod research to date has focused on herbivores and
other taxa that directly interact with the living plant.
Arthropod predators and parasitoids can be sensitive
to interspecific plant hybrid systems (Eisenbach 1996;
Wimp et al. 2005) and intraspecific variation (Johnson and
Agrawal 2005; Barbour et al. 2009a, b; Crutsinger et al.
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2009), yet little is known about specific taxa of predators,
such as spiders, which are important generalist preda-
tors in terrestrial ecosystems (Riechert and Bishop 1990;
Lawrence and Wise 2000; Pringle and Fox-Dobbs 2008).
Although research on this topic is almost exclusively on
plant-dwelling species, Barbour et al. (2009a) reported that
litter-dwelling spider abundance varied according to the
race of Eucalyptus globulus litter. Ground-dwelling spiders
are likely to be sensitive to plant genetic identity because
interspecific plant hybridization and plant genotype influ-
ence litter characteristics (Schweitzer et al. 2004; Farrer
and Goldberg 2009; Crutsinger et al. 2010), and ground-
dwelling spiders are sensitive to litter traits (Uetz 1979;
Bultman and Uetz 1982; Loeser et al. 2006).

It is necessary to better understand the influence of plant
genetic identity on spiders because their direct and indi-
rect interactions with plant- and litter-dwelling arthropods
can influence plants and ecosystem processes. However,
predicting the outcome of spider interactions is compli-
cated by the fact that they prey on herbivores, detritivores,
and other predators. For example, spiders can indirectly
decrease plant damage by preying on herbivores (Riechert
and Bishop 1990; Romero and Vasconcellos-Neto 2004);
however, they can also release herbivores from predation
pressure by preying on species that strongly regulate her-
bivore populations [e.g., intraguild predation (Finke and
Denno 2006)]. Additionally, Lawrence and Wise (2000,
2004) reported that spiders can either increase or decrease
litter decomposition rates. They hypothesized that litter
type and/or preying on common fungivores and their preda-
tors determined if decomposition rates would increase or
decrease due to spider activity. The presence of litter, which
increases habitat complexity, can change the strength of
intraguild predation with consequences for herbivore abun-
dance and plant biomass (Finke and Denno 2006). How-
ever, little attention has been paid to the potential role of
plant hybridization and genotype on spiders and their direct
and indirect interactions with other arthropods, plants, and
ecosystem processes. To begin to address this issue it is
necessary to first quantify the effect plant genetic identity
has on spiders. Ground-dwelling spiders may be particu-
larly interesting to study because it is already known that
an aspect of their habitat, plant litter, can influence spider
abundance (Uetz 1979; Loeser et al. 2006) and intraguild
predation (Finke and Denno 2006).

In this study, we used an 18-year-old cottonwood com-
mon garden to investigate the sensitivity of litter-dwelling
spiders from the family Agelenidae to two scales of plant
genetic identity, the genetic gradient created by the Populus
fremontii (Fremont cottonwoods) x Populus angustifolia
(narrowleaf cottonwoods) hybrid system and tree genotype
within each Populus species and their F; hybrids. Our study
addressed the following hypotheses:
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1. Agelenid web abundance would be highest under nar-
rowleaf cottonwoods compared to Fremont cotton-
woods or F; hybrids. Field observations of litter webs
and litter depth prior to conducting this study provided
the impetus for this hypothesis.

2. Litter-dwelling agelenids would be sensitive to plant
genotype. Past research from a variety of systems sug-
gests that invertebrates can be sensitive to intraspecific
plant variation (Haloin and Strauss 2008; Whitham
et al. 2012), including litter-dwelling species (Barbour
et al. 2009a).

3. Litter depth would be influenced by plant genetic iden-
tity at the hybrid and genotype scales. Narrowleaf cot-
tonwood litter decomposes more slowly (Driebe and
Whitham 2000; Schweitzer et al. 2004; LeRoy et al.
2006) and is more curled than Fremont cottonwood
or F, hybrid litter (T. Wojtowicz, unpublished data);
therefore, narrowleaf cottonwoods may be associated
with the deepest litter layers. Additionally, litter depth
can be influenced by intraspecific plant variation (Crut-
singer et al. 2010).

4. Agelenid web density would be higher when associ-
ated with deeper litter layers. Litter-dwelling spiders
generally respond positively to increased litter quan-
tity (Uetz 1979; Bultman and Uetz 1982; Loeser et al.
20006).

Addressing these hypotheses provided insight on the
sensitivity of a common family of spiders to litter systems
influenced by plant genetic identity. Additionally, it is the
first step to addressing how the relationship between spi-
ders and plant genetic identity may extend to other taxa and
ecosystem processes.

Materials and methods
Study system

We tested our hypotheses in a common garden located at
the Ogden Nature Center in Ogden, Utah, USA (latitude
41.2467, longitude —112.0095, elevation 1,299 m). The gar-
den contains replicated genotypes of cottonwood trees from
the P. fremontii x P. angustifolia hybrid system including
Fremont cottonwoods, narrowleaf cottonwoods, and their
natural F, hybrids, hereafter referred to as “cross types.”
The garden was planted in 1991 using a random design
with respect to tree cross type and genotype using cut-
tings collected from trees found along 105 km of the Weber
River, Utah, including a 13-km-long hybrid zone. Thirty-
five restriction fragment length polymorphism markers
were used to verify the uniqueness of each tree genotype,
and their cross type designation (Martinsen et al. 2001). By
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largely standardizing environmental factors and tree age,
and using a random planting design, this 18-year-old com-
mon garden allowed us to examine the influence of plant
genetic identity on a common spider family while limit-
ing within-site variability. Additionally, previous studies
showed patterns found in the garden are generally repre-
sentative of those found in natural stands of Populus (Wimp
et al. 2004; Bangert et al. 2006a, b; Lojewski et al. 2009;
Busby et al. 2013, 2014).

Spider web surveys

Our study focused on webs created by agelenid spiders for
several reasons. First, Agelenidae is found in a wide range
of habitats from semi-arid grasslands (Riechert 1976) to
tropical rainforests (Riechert et al. 1986), so patterns found
in our study may be broadly applicable. Second, agelenids
make conspicuous, easy to identify sheet-webs with a fun-
nel at one end of the web (Bennett and Ubick 2005; Online
Resource 1). Finally, their webs are often constructed over
or on the litter layer (Riechert and Tracy 1975; Riechert
1976), so genetically based differences in plant litter traits
could affect web-site choice by spiders.

We determined agelenid sheet-web density (webs m~?2)
on cottonwood litter at two distances, 0-100 and 100-
200 cm from the base of each tree. We surveyed out to
2 m from the base of the trees for several reasons. First,
although arthropods can be sensitive to distance from
tree trunks (Scheu and Poser 1996; Frick et al. 2007), the
importance of distance to litter-dwelling arthropods has not
yet been tested in the context of plant genetic identity. Sec-
ond, before the study commenced, we observed a reduc-
tion in web density beyond 1 m from the base of the trees
(which is supported by our data, see “Results”) and noted
very few webs beyond 2 m from the trees (T. Wojtowicz,
personal observation). Therefore, we focused on the spatial
scale that yielded the most webs. Third, it seemed reason-
able to assume that, if there was an influence of tree genetic
identity on agelenid spider webs, it would be detected
closer to the trees rather than further away. The mixing of
litter from different tree cross types occurs within 1 m of
the tree trunk in the garden (T. Wojtowicz, unpublished
data), and it is likely that litter mixing intensifies at fur-
ther distances from the trunk, diluting the genetic identity
effects of the focal tree. Finally, trees in the garden are
planted 4-5 m apart north to south, and 67 m apart east
to west, so we restricted our surveys to within 2 m of each
tree to be confident that we were attributing each web to the
correct tree. We felt that extending the surveys further from
the tree trunk increased the probability of attributing spider
webs to the wrong tree.

Every litter web was counted within each distance class
around the base of each tree trunk. Because trees with

larger trunk diameters and increasing distance from the
base of the tree translates into more area surveyed, we used
the diameter of the trunk at its base to calculate the true
area surveyed, and standardized web abundance to webs
per square meter for all analyses. In 2009, we surveyed
webs on 10 April, 8-9 June, 6-9 July, 12—14 August, 11-12
October, and 25-26 November. The multiple survey dates
allowed us to estimate peak web abundance, and to assess
if webs persist for more than one growing season. We sur-
veyed all genotypes that were replicated at least three times,
which included 118 trees represented by 78 narrowleaf cot-
tonwoods (16 replicated genotypes; three to 13 replicates
per genotype), 14 Fremont cottonwoods (three replicated
genotypes; four to seven replicates per genotype), and 26
F, hybrids (five replicated genotypes; three to six replicates
per genotype).

We surveyed agelenid webs instead of the spiders them-
selves for two reasons. First, web placement is important
to spiders. Web-building spiders engage in active web
placement, construct webs non-randomly in the environ-
ment (Riechert 1974, 1976; McNett and Rypstra 2000),
and web location can influence spider reproductive success
(Riechert and Tracy 1975). Therefore, data on the effect of
habitat on webs provide insight into how spiders respond
to their environment. Second, because we conducted mul-
tiple web surveys, we were not interested in capturing or
disturbing the spiders to check for their presence for every
survey. Therefore, we used a non-destructive and unobtru-
sive approach to our surveys.

We acknowledge that by focusing only on webs, we
cannot say for certain a spider inhabited every web we
surveyed, or if individual spiders created multiple webs.
However, there are several reasons why these are not
serious limitations. First, although we did not quantify if
webs were inhabited, we frequently noticed agelenid spi-
ders on their webs early and late in the day (when there
was less sunlight and lower temperatures in the garden),
and the vast majority of the webs we surveyed were
undamaged, a sign of web upkeep and spider habitation.
Second, web construction is energetically expensive,
especially for sheet-web spiders like agelenids (Prestwich
1977; Janetos 1982; Tanaka 1989) because these webs are
solid sheets of dense webbing, as opposed to the more
open architecture of orb weaver webs. In fact, one age-
lenid species, Agelena limbata, needs to use ~nine to 19
times its daily energetic maintenance cost to produce a
single web (Tanaka 1989). Although agelenid spiders can
abandon webs and create new ones (Riechert 1976), the
high cost of building sheet-webs should limit how often
this happens (Janetos 1982; Tanaka 1989). Third, web site
choice may be influenced by the spiders’ experience over
time (Riechert 1976). By restricting our statistical analy-
ses to the end of the summer (see “Statistical analyses”),
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we focused on the web choice of spiders that had most of
the summer to find quality web sites, which should further
decrease the number of spiders abandoning their webs
late in the season. Therefore, the occurrence of aban-
doned webs should be limited, and web abundance should
approximate spider abundance.

We collected 30 spiders from the garden (28 imma-
ture, two adult) between July 2008 and August 2009 for
identification. Using Ubick et al. (2005) we identified all
the spiders as Agelenidae, and the two mature female spi-
ders as Hololena and Agelenopsis. All captured immature
spiders were clearly one of two morphotypes, and based
on morphological traits, they are likely the same genera
as the adult females. However, we only had two sexu-
ally mature adults to identify to genus; therefore, it is
difficult to be conclusive about the identity of the spider
genera. What is clear is that the spiders were Agelenidae,
and more than one agelenid species was present in the
garden. Although we could readily distinguish between
the two immature morphotypes in the field, there was no
noticeable difference in their webs. Both morphotypes of
the immature spiders were common in the garden, and
have been trapped or observed in association with all tree
cross types and on all survey dates when spiders were
active.

Litter depth

In April 2009 we took a total of 16 litter-depth measure-
ments beneath each web survey tree with a ruler. At each
cardinal direction we measured depth at 25, 75, 125, and
175 cm from the tree trunk, and averaged the two closest
and two furthest distances for each tree to represent the
mean litter depth for the 0- to 100- and 100- to 200-cm dis-
tances, respectively. Litter depth was measured in April,
prior to web construction (see ‘“Results”), to avoid disrup-
tion of spider behavior, and disturbance of their habitat and
webs.

Applicability of web density patterns beyond the common
garden

To determine if the patterns we documented in the com-
mon garden may be applicable beyond the garden envi-
ronment, we tested the robustness of our results using a
reduced data set. Common gardens are generally small
in size compared to the area in which plant material for
the garden was originally collected (Tack et al. 2012), and
this is the case for our study. This may result in relatively
high genetic variation and low environmental variation
within the garden that masks the importance of environ-
ment while enhancing the plant genetic identity effect
(Hersch-Green et al. 2011; Tack et al. 2012). Therefore,
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we analyzed both our full data set, as well as a reduced
data set that only included genotypes collected within the
13-km natural hybrid zone (all removed genotypes were
narrowleaf cottonwoods) to determine if dramatically
restricting the spatial scale of the genotype collection area
and the concomitant decrease in genetic variation would
result in different web density patterns. The reduced data
set contained total of 98 trees (down from 118) from all
three cross types collectively, including ten narrowleaf
genotypes (down from 16). The same statistical model
that was used for the full data set (see below) was also
used for the reduced data set.

Statistical analyses

JMP 10.0 (SAS Institute 2012) was used for all analy-
ses unless otherwise noted. We assessed if cottonwood
genetic identity (genotype and cross type) and distance
from tree base were important to litter web density or
leaf litter depth. Only web density for August was sta-
tistically analyzed because surveys indicated that this
was the time of peak web abundance (see “Results”). A
linear mixed effects model for each response variable
was fit using restricted maximum likelihood (REML)
(Conner and Hartl 2004) containing the following fixed
effects: tree cross type, distance from tree base, and
cross type x distance interaction. The terms genotype
and genotype x distance interaction were coded as ran-
dom effects. Additionally, we nested the random effect
of individual tree identification within genotype within
cross type to account for multiple data points (i.e., the
two distance classes) from each individual tree. This term
was not of interest beyond preserving data structure;
therefore, we did not report on the effects of individual
tree. F-tests were used to test fixed effects and likelihood
ratio tests were used for random effects. Webs per square
meter data were square root transformed to address nor-
mality and homogeneity of variance issues, while litter
depth data did not require transformation. When geno-
type was significant we used the same REML approach
described above, but did so individually for each cross
type within a distance class. P values for post hoc mul-
tiple pair-wise comparisons were adjusted by using least
squares ANOVA to generate P values, and the false dis-
covery rate (FDR) approach (Benjamini and Hochberg
1995; Waite and Campbell 2006) to adjust them. R ver-
sion 2.15 (R Development Core Team 2012) was used to
calculate FDR.

To examine the relationship between litter depth and
web density, we regressed web density on litter depth for
each distance class using genotype means for litter depth
and web density for all tree cross types. No data transfor-
mations were necessary for the regressions.
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Table1 Effects of tre?e Cross Response variable Predictor variables df ¥2- or F-statistic P
type, genotype, and distance
(0-100 or 100-200 cm from Webs (m™2) Cross type 2 F=525 0.02
tree base) on litter web density G 1 2_00 L0
and litter depth using a linear f:notype (cross type) =0 :
mixed effects model fit with Distance 1 F=31.47 <0.0001
restricted maximum likelihood Cross type x distance 2 F=3.14 0.07
Genotype (cross 1 ¥> =3.86 0.05
type) x distance
Litter depth Cross type 2 F=265 0.10
Genotype (cross type) 1 > =4.74 0.03
Distance 1 F=4389 0.05
Cross type x distance 2 F=17.56 0.007
Genotype (cross 1 ¥2 =0.057 0.81

P values in italic are statistically
significant

type) x distance

Results
Litter web abundance during the survey months

A total of 2,702 agelenid webs were found on leaf litter
within 2 m of the 118 trees over the 6 months surveyed
(April-November). Approximately 98 % of all observed
webs were found between June and August. August was
the peak month for web abundance accounting for ~60 %
of all litter webs observed with approximately six and
two times greater web abundance than June and July,
respectively (Online Resource 2). No webs were found
in April, and of the few webs found in October (58 webs)
and November (one web; Online Resource 2) all were
seriously damaged, suggesting that webs did not persist
through the winter.

The effects of tree cross type
Web density and distance

Populus cross type and distance from tree influenced spi-
der web density (Table 1), even with the reduced data set
(Online Resource 3). At both distances from the tree trunk,
narrowleaf cottonwoods were associated with more agele-
nid litter webs than Fremont cottonwoods, and F, hybrids
had intermediate web densities (Fig. 1a). When averaged
over both distance classes, narrowleaf cottonwoods were
associated with 2.7 times and 1.5 times higher web density
than Fremont cottonwoods and F, hybrids, respectively.
Web density decreased by ~50 % at 100200 compared to
0-100 cm from the tree (Fig. 1a). The negative effect of dis-
tance on web density partially muted the cross type effect
at 100-200 cm. A decline in web density with distance
was detected for narrowleaf cottonwoods (FDR corrected
P < 0.0001) and F, hybrids (FDR corrected P = 0.05), but
not for Fremont cottonwoods (FDR corrected P > 0.1),

257 4
E 2
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(]
=
2
®
<
o]
(a]
K
=

0-100 cm 100-200 cm

301 p

Litter Depth (mm)

0-100 cm
Distance From Tree Base

100-200 cm

Fig. 1 The effect of tree cross type at 0—100 and 100-200 cm from
tree trunk on a web density and b litter depth with Fremont cotton-
wood (black bars), F, hybrid (dark gray bars), and narrowleaf cotton-
wood (light gray bars) cross types. Error bars are £1 SEM

resulting in a trend towards a significant cross type x dis-
tance interaction (P = 0.07; Table 1).

Litter depth

Litter depth was also sensitive to tree cross type and dis-
tance. When averaged across all cross types, litter depth

@ Springer



804

Oecologia (2014) 176:799-810

decreased with distance from the trunk (Table 1; Fig. 1b).
However, narrowleaf cottonwoods exhibited a strong
decline in litter depth with distance (FDR-corrected
P < 0.0001) while Fremont cottonwoods and F, hybrids did
not (FDR-corrected P > 0.1 for both cross types), resulting
in a significant cross type x distance interaction (Table 1;
Fig. 1b). Narrowleaf cottonwoods had deeper litter layers
than Fremont cottonwoods (FDR-corrected P = 0.002)
and F, hybrids (FDR-corrected P = 0.005) at 0- to 100-cm
distance, but narrowleaf litter layers were not deeper than
the other two cross types at the further distance (FDR-cor-
rected P = 0.10 and P = 0.44 for Fremont cottonwoods
and F, hybrids, respectively).

The effects of tree genotype
Web density and distance

Narrowleaf cottonwood and F, hybrid web densities were
influenced by tree genotype as illustrated by a geno-
type x distance interaction (Table 1; Online Resource 4a,
b). However, genotype alone was not significant (Table 1).
Some genotypes within these two cross types exhibited
strong declines in web density with distance, while other
genotypes exhibited little change in web density with dis-
tance (Fig. 2a). However, neither genotype nor the geno-
type x distance interaction term was significant in the
reduced model (Online Resource 3).

Litter depth

There was significant genotype variation in litter depth
among narrowleaf cottonwoods (Table 1). This varia-
tion among narrowleaf cottonwoods was exhibited at both
distance classes (0—100 cm, x2 = 5.78, P = 0.02; 100-
200 cm, xz = 5.78, P = 0.02; Fig. 2b, c¢). In contrast, there
was no significant genotype variation in litter depth among
Fremont cottonwoods or F; hybrids (x% < 0.05, P > 0.50
for both Fremont cottonwoods and F; hybrids).

Relationship between litter depth and web density

There was a significant positive linear relationship between
litter depth and web density. Across all genotypes and cross
types, litter depth alone accounted for 24 and 20 % of the
variation in web density at the 0- to 100-cm (P = 0.02) and
100- to 200-cm (P = 0.03) distance, respectively (Fig. 3a,
b). The most shallow litter layers and lowest agelenid web
densities were almost exclusively associated with Fremont
cottonwood and F; hybrid genotypes at the 0- to 100-cm
distance. In contrast, the trees associated with the deepest
litter layers and highest web densities at 0—100 cm were
almost completely dominated by narrowleaf cottonwood

@ Springer

& 3'a
£ 25
a
:v% 2
215 -
[}
& 1
o
Q
9 0.5 1
=
0 T )
0-100 cm 100-200 cm
4 - b Distance From Tree Base
3.5 ’
3 M
25
2| ® ¢
1.5
1
0.5
EO' T LA S R RS SN N R SR N N R N S R
. esrE3EEICSDRNESTERILYCES
< - Lo~ - - - WS E
g CESeeZ coCooe oogEBRTg
fal ¥
o}
£ 27
1.5 A
> &
1
. i all AL
S HECEERICSERNERTER Y REY
TP50398=2" 8385500 QWSRO
Q‘_‘_‘_ T - - W Iy =

Fig. 2 The effect of a genotype x distance interactions on mean
agelenid web density and genotype variation in litter depth at b
0-100 cm and ¢ 100-200 cm from the base of the trees. Fremont cot-
tonwood (solid lines), F| hybrid (dotted lines), and narrowleaf cot-
tonwood (dashed lines) genotypes with the lowest (gray lines) and
highest (black lines) web density are depicted. Only the two most dis-
parate genotypes per cross type are presented in a to make it easier to
see the general patterns across all cross types. Fremont cottonwood
(black bars), F, hybrid (dark gray bars), and narrowleaf cottonwood
(light gray bars) genotypes in b are represented by their respective
leaf icons. Untransformed data are presented for ease of viewing.
Error bars are £1 SEM

genotypes (Fig. 3a). At 100- to 200-cm distance from the
tree, Fremont cottonwood genotypes were again associated
with some of the most shallow litter depths and lowest age-
lenid web densities, with F; hybrid genotypes being associ-
ated with deeper litter depths and higher agelenid web den-
sities. Narrowleaf cottonwood genotypes, however, were
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well represented along the entire gradient of litter depth
and web densities at 100-200 cm, including genotypes
with some of the deepest litter layers and highest web den-
sities (Fig. 3b).

Discussion

Effects of a Populus hybrid system on associated taxa
and their habitat

Our data suggest that the litter layer associated with nar-
rowleaf cottonwoods is a relatively high-quality habitat for
agelenid spiders compared to the habitats found beneath
Fremont cottonwoods or F; hybrids. Higher quality habitats

attract more spiders (Riechert and Bishop 1990; Halaj et al.
2000; Schmidt and Rypstra 2010), and we found almost
three times and 1.5 times the web density within 200 cm of
narrowleaf cottonwoods compared to Fremont cottonwoods
and F, hybrids, respectively. The higher density of webs
associated with narrowleaf cottonwoods, especially within
100 cm of the tree (Fig. la), indicates that there is, on
average, less space between webs beneath this cross type
compared to Fremont cottonwoods and F, hybrids. This is
important because agelenid spiders can be territorial and do
not tolerate encroachment into their territory by other age-
lenids (Riechert 1981). However, territory size can change
with habitat quality. Agelenid territory size decreases with
increased habitat quality (Riechert 1979, 1981), suggesting
that narrowleaf cottonwoods are associated with a higher
agelenid web density because they offer a higher quality
habitat for these spiders.

The cross type effect on web density was still significant
when only using genotypes originally collected from the
natural hybrid zone. This indicates that the cross type pat-
terns we detected in the common garden may also be found
beyond the garden environment. Although we know of no
other studies investigating the response of litter-dwelling
arthropods to plant hybridization, Bangert et al. (2006a, b)
reported that arthropod herbivores responded to Populus
cross type at the scales of the common garden, tree stands,
individual rivers, and region. In other words, the effects
of tree cross type were detected even at very large spatial
scales, where environmental factors were expected to be
strong. Given the extremely large spatial scale over which
herbivores can respond to tree hybridization in the Populus
system [up to 720,000 km? (Bangert et al. 2006b)], it seems
likely that litter taxa, even if they are less sensitive than
herbivores, will also be responsive to plant hybridization
in habitats that differ from the common garden in size and
tree genetic variation. Although the natural hybrid zone is
still larger than the common garden, we decreased the col-
lection area by almost 90 % (linear distance) and reduced
the number of narrowleaf genotypes by almost 40 %, and
still detected a significant cross type effect. The results of
Bangert et al. (2006a, b) and others that have investigated
multiple spatial scales found significant effects of Popu-
lus cross types on associated organisms (e.g., Busby et al.
2013, 2014). Similarly, the congruent results from our full
and reduced data sets suggest that the effect of tree cross
type on web density is likely applicable beyond the con-
fines of the common garden environment.

Although we have data on web density and not spider
density, these data should be indicative of how agelenid
spiders are interpreting the environment beneath the dif-
ferent cottonwood cross types. Agelenid spiders are highly
mobile. Therefore, if some spiders eventually determined
that their web sites needed to be abandoned in favor of a
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higher quality sites, they could have easily and quickly relo-
cated beneath another tree. Additionally, agelenid spiders
can become more discriminating in their web site choice
over time (Riechert 1976). Therefore, by the time we con-
ducted our August survey, the spiders had had most of the
summer to locate, and if necessary, relocate to higher qual-
ity web site locations. In addition, agelenid webs are easily
damaged or destroyed by wind, rain, animals, and debris,
suggesting that webs that are not constantly maintained
by a spider will not last very long. Finally, web site loca-
tion is not trivial for web-building spiders as it can strongly
influence spider reproductive success (Riechert and Tracy
1975). Although we cannot be certain that spiders inhab-
ited 100 % of the webs, for the aforementioned reasons
it seems likely that the vast majority of them were active
webs inhabited by spiders, and that narrowleaf cottonwood
litter is a relatively high-quality habitat for agelenids.

Litter depth appears to be an important habitat trait influ-
encing agelenid web density, and there are several lines of
evidence suggesting a link between tree cross type, web
density, and litter depth:

1. Web density and litter depth responded to tree cross
type (Fig. la, b), although the effect of cross type on
litter depth must be interpreted in the context of dis-
tance. Additionally, there was also a strong trend
towards a significant cross type x distance interaction
affecting web density (P = 0.07; Table 1). In fact, the
cross type x distance relationship for web density and
litter depth was expressed in the same way; they both
declined with distance under narrowleaf cottonwoods.
This may be the result of narrowleaf cottonwoods
being generally smaller trees (Lojewski et al. 2009),
and having smaller canopies compared to the other two
Cross types.

2. When averaged over all tree cross types, both web den-
sity and litter depth followed the same pattern, decreas-
ing with increasing distance (Fig. 1a, b).

3. At the 0- to 100-cm distance, web density and litter
depth again followed the same pattern—highest under
narrowleaf cottonwoods, lowest under Fremont cotton-
woods, and intermediate under F, hybrids (Fig. 1a, b).
However, this pattern did not extend to the 100- to 200-
cm distance.

4. Higher web densities were generally associated with
deeper litter layers (Fig. 3a, b).

The relationship between web density and litter depth in
our study supports previous research indicating that spiders
respond positively to plant litter. For example, an agelenid
spider species found in semi-arid systems prefer the pres-
ence of litter when selecting web sites (Riechert and Tracy
1975; Riechert 1976). Additionally, spider abundance and
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diversity generally increases with increased litter quantity
(Uetz 1979; Loeser et al. 2006). The positive response of
web density to litter depth in our study could be because
deeper litter layers can decrease soil temperature and
increase soil moisture (Uetz 1979; Beatty and Sholes
1988), which can create a more favorable microclimate
for ground-dwelling spiders (Uetz 1979), including agele-
nids (Riechert and Tracy 1975). Additionally, deeper litter
depths may be associated with more interstitial space in the
litter layer (Uetz 1979). More interstitial space in the litter
layer may offer more quality sites to place the escape end
of an agelenid web funnel, and may enhance the ability of
a spider to safely escape if necessary. Our original hypoth-
eses regarding the effects of cross type on web density and
litter depth were generally supported, but appear to have
been too simplistic. Although web density and litter depth
were linked via tree cross type, the relationship is more
complex and context dependent than we originally hypoth-
esized, and the cross type-litter depth relationship did not
extend to the 100- to 200-cm distance.

Distance from tree also influenced web density beneath
cottonwood cross types. Narrowleaf cottonwoods and F,
hybrids drove this pattern, while Fremont cottonwood web
density was not influenced by distance. Several factors
may have contributed to these distance effects. Tree can-
opies may be less able to provide shade further from the
tree trunk, and this could negatively affect spiders due to
increased thermal stress (Riechert and Tracy 1975). This
may be particularly important for narrowleaf cottonwoods
in the garden because they are generally smaller trees
(Lojewski et al. 2009), and experienced the largest decline
in webs with distance. The lack of a distance effect for Fre-
mont cottonwoods may be because litter nearest to these
trees appeared to be periodically disturbed by strong stem-
flow during rainstorms, as indicated by evidence of water-
related disturbance of the soil and litter near their trunks
and shallow or non-existent litter layers within ~10-25 cm
of their trunks (T. Wojtowicz, personal observations). This
was not observed for narrowleaf cottonwoods, possibly as
a result of these trees having more branches on the lower
reaches of their trunks (T. Wojtowicz, unpublished data),
which may decrease stemflow velocity. Therefore, the
cumulative effects of litter disturbance via stemflow near
Fremont cottonwood trunks, combined with any decrease
in shade further from their trunks, may have kept web den-
sities relatively low at both distance classes beneath Fre-
mont cottonwoods.

Effects of tree genotype on associated taxa and their habitat
When all narrowleaf genotypes were used, we found that

agelenid web abundance was influenced by intraspecific
plant variation, but this effect was not as straightforward as
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the effect of tree cross type. Agelenid litter web abundance
was influenced by tree genotype, but this response was
affected by distance from tree (Table 1). Our findings gen-
erally support those of Barbour et al. (2009a) who reported
that spider abundance was affected by intraspecific varia-
tion of Eucalyptus globulus litter systems. Additionally, our
data support studies that indicate terrestrial litter inverte-
brate communities can respond to intraspecific plant vari-
ation (Classen et al. 2006; Barbour et al. 2009a; Zytynska
et al. 2011). An important difference between our study and
the aforementioned ones is that our study incorporated dis-
tance from tree. Other studies investigating the influence of
intraspecific plant variation on terrestrial litter arthropods
sampled at a single distance from the plant, which was
usually directly adjacent to the base of the tree. Our study
indicates that, in the garden, there was a complex spatial
mosaic of relatively high and low agelenid web densities as
a result of spiders differentially responding to cottonwood
genotypes (and cross types) at different distances from the
tree, which may influence prey abundance across this spa-
tial mosaic of webs.

The significant genotype x distance interaction in our
study occurred because some narrowleaf cottonwood and
F, hybrid genotypes exhibited a strong decline in web
density with distance, while other genotypes within these
two cross types did not. Decreased amounts of litter can
decrease spider abundance (Loeser et al. 2006). However,
this does not seem to be the case for the narrowleaf geno-
types as the genotype with most and least dramatic declines
in web density with distance experienced a similar decline
in litter depth with distance (data not shown). Addition-
ally, the F, hybrid genotype that experienced the strongest
decline in web density had very similar litter depth at both
distances. However, the F; hybrid genotype that exhibited
a slight increase in web density with distance also had a
slightly deeper litter layer at the further distance (data not
shown), which probably contributed to the significant inter-
action term for hybrid genotypes. Alternatively, it may be
that some genotypes allow for more litterfall from neigh-
boring genotypes and cross types at the 100- to 200-cm dis-
tance due to genotypic variation in canopy size or above-
ground productivity (Lojewski et al. 2009). Tree genotypes
with relatively large canopies will extend the reach of their
litter-drop zones while genotypes with higher aboveground
productivity will produce more leaf litter than those of
lower productivity. Variation in these traits could result in
differential litter mixing from different tree cross types and
genotypes beneath individual trees influencing the physi-
cal complexity of the litter layer. This could be particularly
important if there was differential mixing of the relatively
flat litter of Fremont cottonwoods or the F; hybrids with
the relatively curled narrowleaf cottonwood litter. Ground-
dwelling spiders respond positively to habitat complexity

(Uetz 1979; Bultman and Uetz 1982; Schmidt and Rypstra
2010), and intraspecific plant variation can affect physical
features of plants (Bailey et al. 2004) influencing associ-
ated biota (Fritz and Price 1988; Barbour et al. 2009b;
Crutsinger et al. 2010).

In contrast to the results using all the narrowleaf geno-
types (Table 1), neither genotype nor the genotype x dis-
tance interaction term were significant when only using the
genotypes from the natural hybrid zone (Online resource
3). This could be because the excluded narrowleaf geno-
types were collected from higher elevations, and may have
contained unique genetic variation compared to the nar-
rowleaf genotypes collected in the hybrid zone. However,
a confounding factor is that the reduced data set decreased
the number of narrowleaf genotypes by almost 40 %, and
reduced the total number of narrowleaf trees by ~25 %,
which might have made it more difficult to detect potential
genotype effects. Whatever the case, it is clear that agelenid
spiders can be affected by tree genotype if there is enough
plant genetic variation present.

Litter depth was also influenced by Populus intraspecific
variation, but only among narrowleaf cottonwoods. Litter
depth was influenced by narrowleaf genotype, but not by a
significant genotype x distance interaction (Table 1). This
might be explained by genotype variation in aboveground
productivity among narrowleaf cottonwoods (Lojewski
et al. 2009); the more productive genotypes probably cre-
ate more litter than less productive genotypes. Although
litter chemistry has often been investigated in the context
of plant genotype (e.g., Madritch and Hunter 2005; LeRoy
et al. 2007; Crutsinger et al. 2009), we know of only one
other study that investigated the effects of intraspecific var-
iation on litter depth, and that study reported that geneti-
cally based plant architectural phenotypes can influence lit-
ter depth (Crutsinger et al. 2010).

Other potential mechanisms of genetic effects on spiders

Although investigating the role of prey on agelenid web
density was beyond the scope of this study, prey abundance
is important to spiders (Riechert and Tracy 1975; Uetz
1975; Chen and Wise 1999). The cottonwood cross types
in our study have different foliar arthropod communities
(Wimp et al. 2005, 2007), and ground-dwelling spiders can
intercept those prey if they fly or fall from the tree (Pringle
and Fox-Dobbs 2008). Additionally, potential litter-dwell-
ing prey species may be affected by litter layer charac-
teristics such as depth and litter architecture (Uetz 1979;
Stevenson and Dindal 1982), and intraspecific plant vari-
ation (Barbour et al. 2009a). Thus, litter-dwelling spiders
beneath different cross types likely feed on different prey
communities from the litter or from the trees themselves,
contributing to the patterns we have documented here.
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The amount of sunlight the litter layer receives could
impact microclimate variables, such as temperature
and moisture, which in turn, can also influence spiders
(Riechert and Tracy 1975). In the Ogden Nature Center gar-
den, photosynthetically active radiation is highest beneath
narrowleaf canopies, lowest beneath Fremont canopies,
with F, hybrids having intermediate levels (Lamit et al.
2011a), probably as a result of narrowleaf cottonwoods
generally having smaller canopies. This suggests that the
litter layer beneath narrowleaf cottonwoods is warmer and
drier than Fremont cottonwoods’ or F, hybrids’ litter layers,
and thus a more stressful environment for spiders. How-
ever, we found the highest agelenid web density associated
with narrowleaf cottonwoods, the cross type that may be
associated with the warmest and driest conditions. A possi-
ble explanation for this apparent contradiction is the deeper
litter layer beneath narrowleaf cottonwoods. The deeper lit-
ter may mitigate the stresses brought on by more sunlight
striking the litter layers beneath narrowleaf cottonwoods
(Uetz 1979; Beatty and Sholes 1988) while offering a more
structurally complex habitat for the spider (Uetz 1979).

Plant genetic identity and generalist predators: potential
consequences for trophic interactions

By influencing the abundance of a generalist predator,
plant genetic identity may also indirectly influence trophic
interactions (Riechert and Bishop 1990). For example,
our study suggests that the arthropod communities asso-
ciated with the litter layer, and possibly the understory
plant community (mostly grasses and forbs), experienced
the most intense predation pressure by agelenid spiders
beneath narrowleaf cottonwoods due to these trees having
2.7 and 1.5 times higher web density compared to Fremont
and F; hybrid cottonwoods, respectively. It is also pos-
sible that there was differential predation pressure among
narrowleaf and F; hybrid cottonwood genotypes, as per
the significant genotype x distance interaction term. It is
important to note that spider abundance and richness tend
to increase with increased litter quantity (Uetz 1979; Bult-
man and Uetz 1982; Loeser et al. 2006), so it is likely that
other spider taxa also responded to plant genetic identity in
our study via its effects on litter depth, elevating predation
pressure beneath narrowleaf cottonwoods even more.

Plant genetic identity may also influence more com-
plex trophic interactions such as intraguild predation,
which occurs when predators kill other predators who
are also competitors for the same prey species (Polis and
McCormick 1987; Gangon et al. 2011). Understanding
intraguild predation is important because it is thought be
a widespread interaction among many taxa, is considered
important in structuring communities (Arim and Marquet
2004), and results in outcomes not predicted by simple
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predator—prey models. For example, simple trophic inter-
actions can result in predators indirectly limiting plant
damage by controlling herbivore populations as pre-
dicted by the Hairston-Smith-Slobodkin model (Hairston
et al. 1960). Alternately, intraguild predation can yield
the opposite result with generalist predators indirectly
increasing herbivory by preying on species that are supe-
rior in controlling some herbivore taxa (Rosenheim et al.
1993; Snyder and Wise 2001). Although intraguild preda-
tion is common, it has not been studied in the context of
plant genetic identity; however, there are several reasons
to think that plant genetic identity may influence intragu-
ild predation. First, it is known that plant genetic identity
affects the abundance of generalist predators and poten-
tial prey species (e.g., Wimp et al. 2005; Barbour et al.
2009a, b). In fact, predators may be surprisingly sensi-
tive to plant genetic identity because they can strongly
respond to architectural traits of their habitat (Bultman and
Uetz 1982; Barbour et al. 2009b), which can be strongly
influenced by plant hybridization (Bailey et al. 2004) and
intraspecific variation (Barbour et al. 2009b). Second, our
study illustrates that plant genetic identity can influence
litter depth, an important habitat characteristic for both
spiders and their prey (Uetz 1979), and habitat character-
istics can impact intraguild predation (Finke and Denno
2006; Schmidt and Rypstra 2010). For example, Finke
and Denno (2006) reported that the presence of litter lim-
ited the influence of intraguild predation and enhanced
the effects of a trophic cascade because predators who are
fed upon by other predators were able to more effectively
hide in the structurally complex habitat provided by litter,
and thus contributed to controlling herbivore abundance,
which ultimately resulted in an increase in plant biomass.
Finally, intraguild predation is a common phenomenon
that occurs on living plants, in the litter, and in soil (Polis
and McCormick 1987; Polis et al. 1989; Rosenheim et al.
1993; Arim and Marquet 2004; Gangon et al. 2011), so it
is likely that it often occurs in systems where plant genetic
identity could influence the outcome of this important
trophic interaction. The ubiquity and ecological impor-
tance of plant genetic identity effects and generalist preda-
tors necessitate a better understanding of how they interact
and the consequences of these interactions.
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