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Linking mechanistic processes to the stability of ecological networks
is a key frontier in ecology. In trophic networks, “modules”—groups
of species that interact more with each other than with other mem-
bers of the community—confer stability, mitigating effects of spe-
cies loss or perturbation. Modularity, in turn, is shaped by the
interplay between species’ diet breadth traits and environmental
influences, which together dictate interaction structure. Despite
the importance of network modularity, variation in this emergent
property is poorly understood in complex natural systems. Using
two years of field data, we quantified interactions between a rich
community of lepidopteran herbivores and their host plants across a
mosaic of low-resource serpentine and high-resource nonserpentine
soils. We used literature and our own observations to categorize
herbivore species as generalists (feeding on more than one plant
family) or specialists (feeding on one plant family). In both years, the
plant-herbivore network was more modular on serpentine than on
nonserpentine soils—despite large differences in herbivore assem-
blage size across years. This structural outcome was primarily
driven by reduction in the breadth of host plant use by generalist
species, rather than by changes in the composition of species
with different fundamental diet breadths. Greater modularity—
and thus greater stability—reflects environmental conditions
and plastic responses by generalist herbivores to low host plant
quality. By considering the dual roles of species traits and ecological
processes, we provide a deeper mechanistic understanding of net-
work modularity, and suggest a role for resource availability in
shaping network persistence.

ecological networks | plant-herbivore interactions | network modularity |
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ver the past several decades, there has been a surge of in-
terest in the structure of species interaction networks, the
mechanisms that shape network topology, and the ecological
function such emergent properties might confer (1). Network
metrics related to stability have received particular attention (2,
3), as they provide information about persistence of communities
and their potential resilience to environmental change. Recently,
the degree to which interaction webs are modular, or composed
of subsets of strongly interacting organisms, has been shown to
be an important property conferring stability in antagonistic
networks (2-4): More modular networks contain the effects of
species loss (5) and competition (3) within subgroups of inter-
acting organisms, and thus prevent the propagation of such
disruptions throughout the network. However, despite the rele-
vance of this property to the persistence of trophic communities,
the abiotic and biotic factors that shape modularity remain
poorly understood (6, 7). An important next step is to disen-
tangle drivers of network modularity in trophic networks and to
develop theoretical frameworks that will help predict variation in
this topological property across natural landscapes.
Like all aspects of network structure, modularity is shaped by
the interplay between evolutionary and ecological forces: Evo-
lutionary processes dictate the potential, or “fundamental,”
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breadth of trophic interactions in which a species might engage,
and ecological filters shape the degree to which species “realize”
those links within a network (7, 8). Thus, shifts in network struc-
ture across natural landscapes can arise in several ways: 1) change
in the relative abundance of intrinsically generalized or specialized
interactors (hereafter, fundamental generalists or specialists), in-
cluding local extinction of one or more interactors; 2) change in
the pattern of interaction between the same suite of species, such
as species becoming more generalized or more specialized under
different ecological conditions (hereafter, realized interaction
structure); or 3) a combination of both processes (7).

Despite the joint roles of fundamental and realized processes
in shaping modularity, these mechanisms are often investigated
separately when they are explored at all (S Appendix, Fig. S1 and
Table S1). For example, many studies focus on species-level trait
means as explanations for compartmentalized structure, ignoring
the degree to which the observed patterns of interaction might
be shaped by ecological context (but see ref. 9). These studies
find that modular organization in food webs may be driven by
phylogeny (10), trait matching (11), and evolved diet breadth
constraints (e.g., fundamental specialization) (9). Others explore
how modularity varies across ecological contexts, such as with
season (12), anthropogenic habitat change (13, 14), host plant ge-
notype (15), and presence of other organisms (9, 15). These latter
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studies focus on how environmental variation can shape network
structure, but often lack important information about traits of
species in the food web (7, but see ref. 9).

In the present study, we focus on communities where the
fundamental diet breadth of interacting organisms is known (S/
Appendix, Table S2), and use resource availability theory to in-
form hypotheses of how abiotic context might influence both
species and interactions in plant-herbivore food webs, with ultimate
effects on network modularity (Fig. 1). For example, low-resource
contexts are predicted to increase plant resistance to herbivory,
favoring species with long-lived tissues that are well-defended and
low in nutrient content (16). Such resistance traits, in turn, influ-
ence abundance (17) and host plant choice (18, 19) of phytopha-
gous insects, with potentially stronger effects on generalists than on
specialists (20) (Fig. 1). Indeed, while recent theoretical work
suggests that resource availability can have profound effects on
network structure (21), it is unclear whether such effects manifest
across natural landscapes of varying resource level (but see ref. 22).

We study these linkages in a system of woody chaparral shrubs,
with their associated lepidopteran herbivores, which grow across a
mosaic of low-resource serpentine and higher-resource non-
serpentine soils. Prior work in this system has found that plant
resistance varies with soil type in a manner consistent with resource
availability theory (23). Our goal is to understand how natural
variation in abiotic resources might shape network modularity, and
to parse the mechanistic basis of such differences between evolu-
tionary (fundamental) and ecological (realized) trophic char-
acteristics of species.

Specifically, we hypothesize that
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Fig. 1. Hypothesized relationship between abiotic resource availability and
plant-herbivore network structure in the nonserpentine/serpentine system.
Plus and minus signs and open circles indicate direction of effect (positive,
negative, no effect, respectively); line thickness indicates magnitude; webs
(7-3) illustrate network outcomes. Low resource availability (serpentine)
increases plant resistance to herbivores. Plant resistance has a negative ef-
fect on abundance of all herbivores, but the magnitude of this effect is
greater for generalists than for specialists. Lower abundance of generalists
removes individuals whose interactions create links across modules. Lower
specialist abundance can weaken their positive effect on interaction strength
within modules and may reduce the number of modules, but it cannot add/
remove links across modules. Plant resistance can also constrain generalist
species’ interactions to a subset of potential host plant genera (i.e., reduce
their “realized” diet breadth), but it cannot decrease the host range of spe-
cialists to fewer than one plant genus. Networks 7-3 illustrate (7) abundance
effects on modularity; (2) effects of interaction plasticity on modularity; and (3)
a combination of both processes—with a focus on the role of fundamental
generalist species (patterned nodes).
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1) Herbivores will decline in abundance on low-resource serpen-
tine soils, where host plants are more resistant, and this effect
will be greater for fundamental generalists than specialists.

2) Fundamental generalists will “realize” a narrower breadth of
interactions in serpentine soils, where the host plant commu-
nity is more resistant.

3) By reducing the abundance of generalist species and/or nar-
rowing their realized interaction breadth, serpentine soils will
be associated with more modular plant-herbivore networks
than neighboring nonserpentine soils.

Methods

System. This study was conducted across a naturally occurring mosaic of
serpentine and nonserpentine soil patches at the University of California’s
McLaughlin Reserve (S/ Appendix, Fig. S2). Serpentine soils are generally
characterized by low Ca:Mg ratios, deficiencies in essential nutrients (N, P, or
K), and high heavy metal content (24). We focused on three pairs of con-
generic woody shrubs that grow across soil types, as well as a single species
(Adenostoma) that occurs in both soil types. Species were Ceanothus
cuneatus (nonserpentine; hereafter, NS) and Ceanothus jepsonii (serpentine;
hereafter, S) (Rhamnaceae); Arctostaphylos manzanita (NS) and Arctostaphylos
viscida (S) (Ericaceae); Quercus berberidifolia (NS) and Quercus durata (S)
(Fagaceae); and Adenostoma fasciculatum (NS, S) (Rosaceae). We chose
these species because they are the dominant chaparral vegetation in the
region (25, 26) and span a diverse phylogenetic range, and because prior
work in this system has documented greater antiherbivore resistance overall
in serpentine shrubs (23). At the study site, focal plant species comprise
similar proportions of the woody plant species (40% and 44%, respectively)
and families (26% and 24%, respectively) present in each soil type (S/ Ap-
pendix, Table S3).

Larval Collection. In 2014, we established 12 transects (6 transects/soil type)
across the McLaughlin Reserve (S/ Appendix, Fig. S2). Study plants were se-
lected by walking along each transect and randomly selecting 3 plants/
species. This protocol resulted in 18 plants/soil type for all taxa with the
exception of nonserpentine Quercus berberidifolia, which was absent from
one site; replication of this species was n = 12. In spring 2014 and 2015,
externally feeding lepidopteran larvae were collected from focal plants us-
ing a beat-sheet (S/ Appendix, Methods).

Larval Identification and Diet Breadth Designation. We collected and reared a
total of 2,337 larval Lepidoptera from seven families. Larvae were reared and
photographed individually, and categorized into morphotypes with assis-
tance from David L. Wagner (University of Connecticut). Morphotypes (n = 80)
were replaced by species identifications after the emergence of adults. Adult
identification was confirmed by John DeBenedictis at the Bohart Museum of
Entomology (University of California, Davis), and vouchers were pinned for
accession to the Bohart Museum. We confirmed 53 morphotypes to species
and used this subset of species in diet breadth analyses (S/ Appendix, Table
S2). We used published literature to assign species to one of two funda-
mental diet breadth categories: fundamental generalists (n = 24 species), for
species that feed on more than one plant family, and fundamental spe-
cialists (n = 29 species), for species that feed within one plant family (S/
Appendix, Table S2). If a species’ diet breadth was not established in the
literature, we used our own records to assign diet breadth (n = 10 species)
under the condition that more than three individuals were collected from
multiple plant individuals (S/ Appendix, Table S2).

Statistical Analyses.

Sampling completeness. To ensure that sampling completeness was comparable
across networks, we calculated sampling and interaction accumulation sta-
tistics following Jordano’s designations (27): A = number of herbivore spe-
cies; P = number of plant species; /nax = number of all potential pairwise
interactions; n = number of records; /o,s = number of observed links in the
network; lest Chao and /ey ACE = two methods for estimating the asymptotic
number of unique pairwise interactions (vegan package, function estimateR)
(27, 28). We calculated the estimated percentages observed for Chao and
ACE as (lobs/lest)-

Shifts in abundance of fundamental generalists and specialists. To understand
whether low-resource soils are associated with a greater decline in abun-
dance of generalists than specialists, we quantified the abundance of each
herbivore species in each soil network in each year (n = 4 networks). If a
species was absent from a network, we assigned it an abundance of 0. We fit
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a negative binomial generalized linear mixed-effects model (glmer.nb in R)
with the larval abundance of each species in each network as our response
variable, and soil type and herbivore diet breadth as interactive main effects.
We included year as an additional fixed effect and herbivore species as a
random effect. (SI Appendix, Statistical Analysis).

Shifts in realized interaction structure across soil types. To assess whether gen-
eralist herbivores realize different diet breadths in different soil types, we
quantified Shannon’s partner diversity (H) for each fundamental generalist
species in each soil type. This metric weights the partner richness (“degree” in
network terminology) of each species by the strength of their interactions,
down-weighting weak links (29). We focused this comparison only on funda-
mental generalists because they have the potential to link or separate modules
by broadening or narrowing their diet breadth across host plants (Fig. 1).

For each soil network (nonserpentine, serpentine) in each year (2014,
2015), we calculated the H value for each generalist species (function spe-
cieslevel; R package bipartite). To avoid spurious values due to rarity, we
excluded any species with fewer than three observations in each soil x year
network. We then used generalized linear mixed models (GLMMs) to ask
whether these generalist species exhibited differing levels of specialization
(partner diversity H) across resource environments. We used year as a fixed
effect and herbivore species as a random effect. We also included each
species’ abundance as a covariate, as more abundant generalists have the
statistical “opportunity” to realize more links. To further account for dif-
ferences in network size, we performed the same analysis after randomly
subsampling all four networks to the same size (n = 200 interactions).
Modularity of serpentine and nonserpentine networks. \We used the DIRTLPAwb+
algorithm (30) to quantify the modularity (Q) of plant-herbivore networks in
each soil and year (n = 4 networks). Higher values of modularity, which scales
between 0 and 1, indicate greater prevalence of within-module than between-
module interactions (31). We then compared the modularity of each empirical
network to networks generated by three null models: the Patefield algorithm
r2dtable (null model I); shuffle.web (null model I1); and swap.web (null model
1) (32). Respectively, these three models test the role of species abundance
distributions, interactions (connectance), and their combined effect in gener-
ating modular structure (S/ Appendix, Statistical Analysis).

We also asked whether differences in network size explain modularity
results. Because network-grouping algorithms, such as Q, can achieve larger
values in networks with more species and links (31), this property was
expected to change simply due to the difference in herbivore assemblage
size between serpentine and nonserpentine soils. We addressed the role of
network size using two approaches. First, we calculated Q,om, Where (Qnorm =
Q/Qmax). This standardizes each network’s modularity by its theoretical
maximum (30). Next, we randomly subsampled each network across a range
of size intervals and compared values of Q,.m at a threshold size interval
(one-half the size of the smallest network; n = 140 interactions) using a two-
sample t test (S/ Appendix, Statistical Analysis).

Shifts in interaction strength and plant resistance across soil types. To explore
whether changes in interaction structure might be associated with soil-
mediated plant resistance, we asked whether plant genera with the great-
est difference in plant resistance across soil types also exhibit the greatest
difference in plant-herbivore interaction strength. To quantify plant resis-
tance, we used published trait data in this system to calculate a “resistance
index” (RI) for each plant species in each soil type, following the method of
Fine et al. (33). We used five leaf traits found to be important to herbivores
in other systems: leaf nitrogen content, leaf carbon content, leaf water
content, leaf toughness, and leaf nickel content (34-37). For a given pair of
congeners/conspecifics across soils, the difference in these Rl values repre-
sented the difference in resistance across soil types (S/ Appendix, Methods).

To quantify interaction strength (IS), we took the two-year average of the
total number of plant-herbivore interactions for each plant species in each soil
type. For this comparison, we focused only on interactions with fundamental
generalists because of their role in linking or separating modules within the
plant-herbivore network. For a given pair of congeners/conspecifics across
soils, the difference in these IS values represented the difference in interaction
strength across soil types.

All network properties (modularity, H) were calculated using the R package
bipartite, version 2.08 (32). All regression analyses were conducted using the
Ime4 package (38) in R, version 3.3.0. We obtained P values for fixed effects
using the car (39) and sjstats (40) packages. The significance of random effects
was quantified using log-likelihood ratio tests (base R, function anova). Data
visualization was performed using ggplot2 (41, S/ Appendix, Statistical Analysis).

Results

Sampling Completeness. Networks captured between 68 and 86%
of estimated total interactions. In 2014, we sampled an estimated
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68% of nonserpentine interactions and 77% of serpentine inter-
actions. In 2015, we sampled an estimated 82% of nonserpentine
interactions and 86% of serpentine interactions (SI Appendix,
Table S4).

Abundance of Fundamental Generalists and Specialists across Soil
Networks. Intrinsically generalized and specialized species declined
similarly in abundance from nonserpentine to serpentine net-
works. Specifically, herbivore species were on average ~60% less
abundant on serpentine than nonserpentine soil (F;,9; = 23.15;
P < 0.01), but this effect did not differ between fundamental
generalists and specialists (nonsignificant soil X host breadth in-
teraction; Fy 597 = 0.17; P = 0.70) (Fig. 24 and SI Appendix, Table
S5). Species abundances were higher overall in 2015 than in 2014
(B = 0.75; F1207 = 19.22; P < 0.001). Abundance also varied by
herbivore species (log-likelihood ratio test; y* = 60.7, P < 0.001)
(SI Appendix, Table S5).

Shifts in Realized Diet Breadth across Soils. Shannon partner di-
versity, H, of generalist herbivores declined by ~33% between
nonserpentine and serpentine soils (p = —0.22; F; 57, =5.81; P =
0.02) (Fig. 2B and SI Appendix, Fig. S3 and Table S6). There was
a positive effect of species abundance on H, with each additional
individual increasing this metric by 0.01 (B = 0.01; F; 57 = 5.30;
P =0.03) (SI Appendix, Fig. S4 and Table S6). We calculated that
the average difference in generalist species’ abundance from
nonserpentine to serpentine soil was ~3.5 individuals, which cor-
responded to a change of ~0.04 in Shannon partner diversity. In-
terestingly, despite herbivores being much more abundant overall
in 2015 than in 2014 (23), there was no effect of year on partner
diversity (Fig. 2B and SI Appendix, Table S6) nor any effect of
herbivore species (log-likelihood ratio test, P = 1.0). Results were
similar when networks were randomly subsampled to control for
differences in size (SI Appendix, Table S7).

Ramifying Effects on Network Modularity across Serpentine and
Nonserpentine Soils. In both years, serpentine plant-herbivore
networks were more modular than nonserpentine networks (Fig.
3 and SI Appendix, Figs. S5 and S6). Modularity scores were 12.5
and 5.6% higher in serpentine than in nonserpentine networks in
2014 and 2015, respectively. After accounting for differences in
network size by dividing by each web’s theoretical maximum
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Fig. 2. Association between soil type, abundance, and diet breadth of
herbivores. (A) Both generalists and specialists decline from nonserpentine
to serpentine soil (error bars: + 1 SEM). In each soil/year, sample sizes are n = 22
species (generalists) and n = 31 species (specialists). (B) For fundamental
generalists, mean H is lower in serpentine than in nonserpentine soils (error
bars: + 1 SEM). Sample sizes are n = 8 (2014) and n = 13 (2015) species for
nonserpentine and n = 4 (2014) and n = 8 (2015) species for serpentine.
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Fig. 3. Ecological networks between host plants and fundamental gener-
alist herbivore species from nonserpentine and serpentine soil, aggregated
across years. We highlight six of these species to show how individual species
realize different interaction structures across soils. Species are 1) Egira per-
lubens (orange); 2) Eupithecia nevadata (blue); 3) Hesperumia sulphuraria
(green); 4) Mesogona olivata (pink); 5) Orgyia vetusta (yellow); and 6) Tetracis
hirsutaria (teal). Note that species abundances (bar widths) are comparable
within but not between networks (S/ Appendiix, Fig. S5).

(Omax), this shift in modularity remained similar for both 2014
(12.8%) and 2015 (5.6%) (SI Appendix, Table S8).

All empirical plant-herbivore networks were significantly more
modular than networks generated by our null models. Observed
modularity scores of 0.55 to 0.64 were significantly higher than if
network structure had been driven by species abundance distri-
butions alone (Q = 0.09-0.14; null model I) or by both abundance
and connectance (Q = 0.35-0.51; null model III). Interestingly,
constraining only connectance (null model II) recapitulated the
modularity of empirical soil networks (SI Appendix, Fig. S7 and
Table S9). Together, these null model comparisons suggest that
ecological or evolutionary processes are “forbidding links” (42)
between some plants and herbivores, and that network structure is
shaped independently of species abundances.

Herbivore species’ abundances were almost twice as high in
2015 as in 2014 (Fig. 24). Despite this large difference, increases
in network modularity were maintained from higher-resource
nonserpentine soils to lower-resource serpentine soils. Further,
when we subsampled all networks to the same size (n = 140 in-
teractions; equal to one-half of the size of the smallest network),
serpentine networks retained their lower modularity in both years
(P < 0.001) (SI Appendix, Fig. S6). This temporal replication
allowed us to more confidently link differences in network mod-
ularity to soil type, and to suggest that such network properties are
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more invariant than other properties of the plant-herbivore com-
munity, such as assemblage size.

Shifts in Interaction Strength with Plant Resistance. We found that
shifts in interaction strength across soil types paralleled differences
in the resistance index between host plants. Using a total of 437
interactions between host plants and fundamental generalist her-
bivores, we found that interaction strength changed the most in
Ceanothus (AIS = 42.5) followed by Adenostoma (AIS = 20.5),
Quercus (AIS = 13.0), and Arctostaphylos (AIS = 7.5) (SI Appen-
dix, Table S10). Similarly, Ceanothus exhibited the greatest dif-
ference in the resistance index between serpentine and
nonserpentine soils (ARI = 5.85) followed by Adenostoma (ARI =
2.82), Quercus (ARI = 1.59), and Arctostaphylos (ARI = —0.11) (SI
Appendix, Fig. S8 and Table S10).

Discussion

We found that low-resource soils increase the modularity of plant-
herbivore networks and that this structural change is largely due to
differences in the realized, plastic pattern of species interactions
rather than shifting abundances of species with intrinsically dif-
ferent diet breadths. Both fundamental specialists and generalists
decline in serpentine soils, resulting in smaller trophic networks,
and the generalist species that remain in serpentine networks in-
teract with fewer host plants. These shifts in interactions mirror
shifts in plant resistance across soils: Host plant genera that exhibit
the greatest resistance increase in serpentine soil also lose the
most interactions with generalist herbivores in that soil type. We
find that such effects are consistent across years despite an almost
twofold difference in overall herbivore assemblage size. Together,
these findings highlight the importance of ecological filters in
shaping network topology and suggest that abiotic resource
availability may be a pervasive driver of network structure in
nature.

We find that low-resource serpentine soil negatively affects
herbivore abundance; however, contrary to our expectations, this
effect was similar regardless of species’ evolved diet breadth.
Plant defense theory predicts that generalist “jacks of all trades”
are less able than specialists to consume resistant plants (20), and
thus we hypothesized that fundamental generalists should de-
cline more than specialists in the more resistant serpentine plant
community. This has been found in theoretical studies, with well-
defended hosts excluding generalist species in simplified food
web models (21). In empirical systems, magnified effects of plant
resistance on generalist herbivore species have been documented
in Brassica oleraceae, with induced plant defense affecting gen-
eralist but not specialist herbivores (43). More broadly, toxic
plants often host specialized herbivore species and exclude gen-
eralists (44). We developed two ideas that can explain why we find
similar declines in specialist and generalist herbivores across soils.

First, woody plants such those studied here may rely more on
quantitative and physical defenses than on qualitative toxins; such
defenses are thought to impede and deter, but not physiologically
exclude, generalist herbivores (45). Second, our study uses pairs of
closely related (congeneric and conspecific) plant species across
soils which are likely to share major classes of chemical and
physical defense (46, 47). In sum, resistance traits may differ pri-
marily in magnitude rather than identity across soils—making it
less likely that generalist herbivore species would be excluded
entirely from a congeneric or conspecific host plant in the other
soil type. In systems with more distantly related host plants across
environments, we might expect greater decline or turnover of
generalists to underlie shifts in network structure rather than in-
teraction plasticity of shared herbivore species. Similarly, if low-
resource environments are dominated by toxic plant species, these
plant communities can exclude generalists entirely, with even
stronger effects on network-level modularity.
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While generalists did not experience disproportionate decline
across soil types, they exhibited narrower diet breadth (lower
partner diversity) in low-resource serpentine soil, even after ac-
counting for changes in abundance. We found that contraction
(e.g., Hesperumia sulphuraria, Mesogona olivata; Fig. 3) or skewing
(e.g., Eupithecia nevadata, Tetracis hirsutaria; Fig. 3) of generalist
diet breadth was the primary driver of differences in network
modularity across food webs.

Shifts in hostplant use by generalists may, in turn, be shaped by
the different levels of plant resistance in serpentine and non-
serpentine soil. We found that plant genera or species with the
greatest difference in their plant resistance index across soils also
exhibited the greatest change in interaction strength with gen-
eralist herbivores (SI Appendix, Table S10). A similar effect of plant
resistance on realized diet breadth was found across elevational
gradients, with generalist butterfly species consuming fewer host
plant taxa in more resistant low-elevation host plant communities
and broadening their host breadth at higher elevations, where
potential hosts were more benign (48). However, other studies
found the opposite relationship: In the Brazilian cerrado and
cerraddo, caterpillar diet breadth increases as the dry season pro-
gresses (49) and as soil fertility declines (22). In these systems, such
temporal and spatial shifts in diet breadth are associated with lower
host plant richness and density, suggesting that generalists may
become less selective when options are few (22). In contrast, when
shifts in plant quality occur independently of changes in quantity,
generalists may realize more specialized links with higher-quality host
plants. Because woody host plants were similarly available across
serpentine and nonserpentine soils and sampling occurred simulta-
neously across environments, our study may reflect shifts in realized
diet breadth that occur when plant availability is more constant.
Together, these findings provide a framework for predicting plastic
change in generalist diet breadth, and subsequent effects on net-
work structure, across different types of environmental variation.

More broadly, linking species-level processes to network out-
comes can deepen our understanding of how modularity might
confer stability within food webs. For example, herbivores may
compete via shared enemies on common host plants (apparent
competition) (50), with species loss or gain altering attack rates
on neighbors. Modular networks, like those on our resource-poor
soils, may lessen such indirect effects among species by limiting co-
occurrence of the same species—and their accompanying preda-
tors or parasitoids—to fewer food web modules (3). Traits like
diet breadth may also affect the likelihood of sharing enemies:
Fundamentally generalized herbivores may be attacked by more
(and more generalized) enemy species than fundamental special-
ists (51). Thus, a modular network composed of fundamental
specialists may contain fewer indirect links through shared ene-
mies, within or among modules, than one composed of funda-
mental generalists acting as “realized” specialists. Future studies
should consider how the potential for indirect effects within net-
works—and consequences for stability—may be shaped by emer-
gent network structure in concert with traits of constituent species.

The ability of species in a network to reorganize the links they
form with resource nodes—topological plasticity—has been found
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to increase stability in both mutualistic (52) and trophic (53)
networks. Identifying fundamental generalists within networks,
and understanding the circumstances under which they rewire
their interactions, is thus an important frontier in network ecology.
We find that networks are topologically plastic across two resource
contexts, becoming more modular in low-resource serpentine soil
due to narrower “realized” diet breadths of shared generalist
species. Interestingly, this shift toward a more stable interaction
structure (2, 3) occurs even as herbivore species’ local abundance
declines, which should otherwise increase extinction risk and de-
crease community robustness (54). Together, these findings suggest
that the importance of network plasticity per se should be consid-
ered in conjunction with the stability that resulting topologies (and
abundances) may confer. In addition, aside from increasing net-
work stability in the present, this plastic narrowing of diet breadth
may be a precursor to the evolution of specialists from generalists
(e.g., the “oscillation hypothesis of diversification”) (55). Thus,
dietary shifts can be both a driver of plant-herbivore network
structure in the short term, which is our focus here, and linked to
evolutionary outcomes for herbivores over longer timescales.

A common critique of network analysis is that it is discon-
nected from community ecological theory (8). To date, most
empirical studies of modularity in antagonistic and mutualistic
ecological networks have focused on significant deviation from
random structure. Fewer studies explore potential mechanisms
leading to structural variation (SI Appendix, Table S1). When
mechanisms generating modularity are explored, the focus is often
on the role of phylogenetic constraint (10) and trait matching (11)
as processes that fundamentally prevent organisms from inter-
acting across modules, leaving processes that shape presence and
strength of realized links underexplored (SI Appendix, Table S1,
but see ref. 9). Here, we use the theoretical frameworks of re-
source availability (16, 33) and plant defense theory (20) to un-
derstand how and why modularity varies in plant-herbivore
networks. We find that fundamental generalists realize more
specialized interactions in low-resource serpentine soils, increasing
modularity at the scale of the entire network. Shifts in generalist
interaction strength mirror differences in host plant suitability
across soils, consistent with theoretical predictions of trophic struc-
ture in more resistant host plant communities. These structural
differences persist across years despite variation in overall herbi-
vore assemblage size. Together, these findings suggest that greater
modularity—and thus stability (2, 3, 5)—may be a general prop-
erty of plant-herbivore networks in low-resource contexts.

ACKNOWLEDGMENTS. Site support was provided by C. Koehler and P. Aigner.
J. DeBenedictis (University of California, Davis) and D. Wagner (University of
Connecticut) aided in species identifications. Many undergraduate students
reared larvae (S. Racy, A. Corniel, L. Oravetz, Y. Zhu, X. Gao, A. Yuen, C. McCoppin,
and A. Erway). We thank the Wetzel and Weber labs at MSU, M. Barbour,
S. Ramirez, K. Mooney, and three anonymous reviewers for providing suggestions
that greatly improved the manuscript. This research was supported by the
University of California, Davis, Center for Population Biology; the University
of California Natural Reserve System; and the National Science Founda-
tion (Graduate Research Fellowship 1148897 and Doctoral Dissertation
Improvement Grant DEB-1600961).

9. W. J. Augustyn, B. Anderson, A. G. Ellis, Experimental evidence for fundamental, and
not realized, niche partitioning in a plant-herbivore community interaction network.
J. Anim. Ecol. 85, 994-1003 (2016).

10. B. R. Krasnov et al., Phylogenetic signal in module composition and species connec-
tivity in compartmentalized host-parasite networks. Am. Nat. 179, 501-511 (2012).

11. E. L. Rezende, E. M. Albert, M. A. Fortuna, J. Bascompte, Compartments in a marine
food web associated with phylogeny, body mass, and habitat structure. Ecol. Lett. 12,
779-788 (2009).

12. A. Lopez-Carretero, C. Diaz-Castelazo, K. Boege, V. Rico-Gray, A. R. Armitage, Evaluating
the spatio-temporal factors that structure network parameters of plant-herbivore in-
teractions. PLoS One 9, 110430 (2014).

13. B. Ximenes Pinho, W. Dattilo, I. R. Leal, Structural breakdown of specialized plant-
herbivore interaction networks in tropical forest edges. Glob. Ecol. Conserv. 12, 1-8
(2017).

PNAS | January 28,2020 | vol. 117 | no.4 | 2047

www.manaraa.com

ECOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820143117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820143117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1820143117/-/DCSupplemental

Downloaded at Palestinian Territory, occupied on December 28, 2021

4

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. E. Villa-Galaviz, K. Boege, E. del-Val, Resilience in plant-herbivore networks during
secondary succession. PLoS One 7, 53009 (2012).

. A. R. Keith, J. K. Bailey, M. K. Lau, T. G. Whitham, Genetics-based interactions of
foundation species affect community diversity, stability and network structure. Proc.
Biol. Sci. 284, 20162703 (2017).

. P. D. Coley, J. P. Bryant, F. S. Chapin, 3rd, Resource availability and plant antiherbivore
defense. Science 230, 895-899 (1985).

. D. Carmona, M. J. Lajeunesse, M. T. Johnson, Plant traits that predict resistance to
herbivores. Funct. Ecol. 25, 358-367 (2011).

. O.P.J. M. Minkenberg, M. J. J. Fredrix, Preference and performance of an herbivorous
fly, Liriomyza trifolii (Diptera: Agromyzidae), on tomato plants differing in leaf nitrogen.
Ann. Entomol. Soc. Am. 82, 350-354 (1989).

. 1. S. Pearse, The role of leaf defensive traits in oaks on the preference and performance

of a polyphagous herbivore, Orgyia vetusta. Ecol. Entomol. 36, 635-642 (2011).

J. G. Ali, A. A. Agrawal, Specialist versus generalist insect herbivores and plant defense.

Trends Plant Sci. 17, 293-302 (2012).

N. Loeuille, M. A. Leibold, Ecological consequences of evolution in plant defenses in a

metacommunity. Theor. Popul. Biol. 74, 34-45 (2008).

C. R. Fonseca, P. |. Prado, M. Almeida-Neto, U. Kubota, T. M. Lewinsohn, Flower-heads,

herbivores, and their parasitoids: Food web structure along a fertility gradient. Ecol.

Entomol. 30, 36-46 (2005).

M. L. Robinson, S. Y. Strauss, Cascading effects of soil type on assemblage size and

structure in a diverse herbivore community. Ecology 99, 1866-1877 (2018).

A. R. Kruckeberg, California Serpentines: Flora, Vegetation, Geology, Soils, and

Management Problems (University of California Press, 1985).

J. E. Keeley, Demographic structure of California chaparral in the long-term absence

of fire. J. Veg. Sci. 3, 79-90 (1992).

M. Barbour, T. Keeler-Wolf, A. Schoenherr, Eds., Terrestrial Vegetation of California

(University of California Press, ed. 3, 2007).

P. Jordano, Sampling networks of ecological interactions. Funct. Ecol. 30, 1883-1893

(2016).

J. Oksanen et al., Vegan: Community Ecology Package. Version 2.5-6. https:/

CRAN.R-project.org/package=vegan. Accessed 4 April 2019.

N. Bluthgen, F. Menzel, N. Bluthgen, Measuring specialization in species interaction

networks. BMC Ecol. 6, 9 (2006).

S. J. Beckett, Improved community detection in weighted bipartite networks. R. Soc.

Open Sci. 3, 140536 (2016).

C. F. Dormann, R. Strauss, A method for detecting modules in quantitative bipartite

networks. Methods Ecol. Evol. 5, 90-98 (2014).

C. F. Dormann, B. Gruber, J. Fruend, Introducing the bipartite package: Analysing

ecological networks. R news 8/2, 8-11 (2008).

P. V. A. Fine et al., The growth-defense trade-off and habitat specialization by plants

in Amazonian forests. Ecology 87 (suppl. 7), $150-S162 (2006).

J. M. Scriber, F. Slansky, The nutritional ecology of immature insects. Annu. Rev. Entomol.

26, 183-211 (1981).

2048 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1820143117

w

5

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

. T.L.Iddles, J. Read, G. D. Sanson, The potential contribution of biomechanical properties
to anti-herbivore defence in seedlings of six Australian rainforest trees. Aust. J. Bot. 51,
119-128 (2003).

A. F. Huberty, R. F. Denno, Plant water stress and its consequences for herbivorous
insects: A new synthesis. Ecology 85, 1383-1398 (2004).

D. J. Cheruiyot, R. S. Boyd, W. J. Moar, Exploring lower limits of plant elemental
defense by cobalt, copper, nickel, and zinc. J. Chem. Ecol. 39, 666-674 (2013).

D. Bates, M. Machler, B. Bolker, S. Walker, Fitting linear mixed-effects models using
Ime4. J. Stat. Softw. 67, 1-48 (2015).

J. Fox, S. Weisberg, An R Companion to Applied Regression (SAGE Publications, 2011).
D. Ludecke, sjstats: Statistical Functions for Regression Models (2018).

H. Wickham, ggplot2: Elegant Graphics for Data Analysis (Version 3.2.0, Springer-
Verlag, New York, 2016).

P. Jordano, J. Bascompte, J. M. Olesen, Invariant properties in coevolutionary networks
of plant-animal interactions. Ecol. Lett. 6, 69-81 (2003).

E. H. Poelman, C. Broekgaarden, J. J. Van Loon, M. Dicke, Early season herbivore
differentially affects plant defence responses to subsequently colonizing herbivores
and their abundance in the field. Mol. Ecol. 17, 3352-3365 (2008).

P. R. Ehrlich, P. H. Raven, Butterflies and plants: A study in coevolution. Evolution 18,
586-608 (1964).

P. Feeny, “Plant apparency and chemical defense” in Biochemical Interaction Between
Plants and Insects, J. Wallace, Ed. (Springer, 1976), pp. 1-40.

M. Wink, Evolution of secondary metabolites from an ecological and molecular
phylogenetic perspective. Phytochemistry 64, 3-19 (2003).

A. A. Agrawal, Macroevolution of plant defense strategies. Trends Ecol. Evol. 22, 103—
109 (2007).

L. Pellissier et al., Shifts in species richness, herbivore specialization, and plant resistance
along elevation gradients. Ecol. Evol. 2, 1818-1825 (2012).

S. Scherrer et al., Seasonal variation in diet breadth of folivorous Lepidoptera in the
Brazilian cerrado. Biotropica 48, 491-498 (2016).

R. D. Holt, Predation, apparent competition, and the structure of prey communities.
Theor. Popul. Biol. 12, 197-29 (1977).

J. O. I. Stireman, M. S. Singer, Determinants of parasitoid-host associations: Insights
from a natural tachinid-lepidopteran community. Ecology 84, 296-310 (2003).

R. Ramos-liliberto, F. S. Valdovinos, P. Moisset de Espanés, J. D. Flores, Topological
plasticity increases robustness of mutualistic networks. J. Anim. Ecol. 81, 896-904
(2012).

F. S. Valdovinos, R. Ramos-liliberto, L. Garay-Narvaez, P. Urbani, J. A. Dunne, Con-
sequences of adaptive behaviour for the structure and dynamics of food webs. Ecol.
Lett. 13, 1546-1559 (2010).

J. H. Lawton, Population dynamic principles. Philos. Trans. R. Soc. Lond. B Biol. Sci. 344,
61-68 (1994).

N. Janz, S. Nylin, “The oscillation hypothesis of host-plant range and speciation” in
Specialization, Speciation, and Radiation: The Evolutionary Biology of Herbivorous
Insects, K. J. Tilmon, Ed. (University of California Press, Berkeley, CA, 2008), pp. 203-215.

Robinson and Strauss

www.manaraa.com


https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://www.pnas.org/cgi/doi/10.1073/pnas.1820143117

