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Abstract

The geographic mosaic model of plant—herbivore coevolution asserts that interactions between a plant species and an herbi-
vore species vary in intensity among populations across the plant’s geographic range. Despite this model’s intuitive appeal,
data to investigate its implications for the type of complex, multiple-herbivore communities that occur in nature are scant.
This paper reports on the results of 2 years of field surveys of damage by five leaf herbivores and one stem herbivore in four
Solanum carolinense (horsenettle) populations, combined with results of a common-garden study quantifying the mean
resistance levels of the plants from each field against each of the six herbivores. The relative amounts of damage caused by
each species (representing the “herbivore-community structure”) differed significantly among the four fields. The plants
were much more heavily damaged in the 2nd year than in the first, but the herbivore-community structure remained stable
within each field between years. Overall, the amount of damage by species of herbivores in a field tended to be positively
correlated with the plants’ levels of resistance that were measured in the common garden (r=0.40, P=0.05). Specifically,
for five of the six herbivores, greater damage in the field was associated with greater plant resistance. This result suggests
that horsenettle’s evolution of resistance against specific herbivores can occur rather quickly within fields, creating a local-
scale mosaic of populations specifically adapted to the particular structure of the herbivore community that they are facing,
but that herbivore-community structure is not strongly determined by plant resistance.

Keywords Community structure - Ecoevolutionary dynamics - Geographic mosaic - Plant-herbivore interactions - Spatial
variation - Temporal variation

Introduction

A central goal of community ecology is to identify factors
that contribute to the abundance of individuals of differ-
ent species within groups of interacting organisms (i.e., a
community’s “structure”) (Wisz et al. 2013; D’Amen et al.
2017). Traditional models of community assembly contend
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that community structure is controlled by historical contin-
gency and stochastic processes based on the pool of species
available in an area, plus perhaps abiotic or biotic “environ-
mental-filtering” factors (Strong et al. 1984; Lawton et al.
1993; Lewinsohn et al. 2005; HilleRisLambers et al. 2012).
In contrast, a growing body of theory suggests a more evo-
lutionarily dynamic picture of community structure (Lankau
2011; Koch et al. 2014; Mittelbach and Schemske 2015;
Andreazzi et al. 2018; terHorst et al. 2018). In particular, the
discipline of ecoevolutionary dynamics is being built around
the hypothesis that ecological interactions can lead to evo-
lutionary changes that are rapid enough to affect the inter-
actions among the species, which then feed back into more
evolutionary responses, and so on (Schoener 2011; Vasseur
et al. 2011; Barraclough 2015; Hendry 2017; Schreiber et al.
2018).

Communities of plants and their herbivores have been
a popular focus for generating and testing ecoevolutionary
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hypotheses because these communities are ubiquitous, they
are relatively easy to observe and manipulate, and they have
played a central role throughout the history of coevolution-
ary studies (Ehrlich and Raven 1964; Rausher 2001; terHorst
et al. 2018). In the context of plant—herbivore interactions,
the ideas of ecoevolutionary dynamics mesh well with
the ideas of the geographic mosaic theory of coevolution
(Johnson and Stinchcombe 2007; Haloin and Strauss 2008;
Muola et al. 2010). The geographic mosaic theory empha-
sizes spatial variation in herbivore-community structure,
hypothesizing in part that there are hotspots and coldspots
of plant-herbivore coevolution that can be caused by differ-
ences in herbivore-community structure throughout a host-
plants’ geographic range (Thompson 1994, 1999; Agrawal
et al. 2006). Given enough time, signals of coevolution,
such as increases in plant resistance to common herbivores,
will be evident in the hotspots (Gémez and Zamora 2000;
Haloin and Strauss 2008; Bischoff and Trémulot 2011; Gar-
rido et al. 2012; Ziist et al. 2012; De-la-Cruz et al. 2020a).

Indeed, a growing body of research is blurring the tradi-
tional distinction between ecological time and evolutionary
time (Thompson 1998b; Hairston et al. 2005; Koch et al.
2014; Hendry 2017), and studies of plant—herbivore com-
munities are helping to lead the way (Agrawal et al. 2012,
2013; Ramos and Schiestl 2019; Kalske and Kessler 2020).
Several recent studies have found evidence of rapid evolu-
tionary decreases in resistance in plant populations when
herbivores are removed (Bode and Kessler 2012; Ziist
et al. 2012; Uesugi and Kessler 2016; Agrawal et al. 2018;
Coverdale and Agrawal 2022), or rapid increases in resist-
ance when plant populations are exposed to new herbivores
(Castells et al. 2005). For example, in a 5-year field experi-
ment, Agrawal et al. (2012) found that suppression of insect
herbivores led to significant evolutionary decreases in resist-
ance traits in evening primrose (Oenthera biennis). Such
evidence suggests that spatial variation in herbivore levels
could very well result in mosaics wherein plant populations
vary in resistance levels.

Sizes of herbivore populations obviously vary among
populations of their host plants over large geographic scales,
such as across landscapes or among continents, due to such
factors as barriers to dispersal and differences in abiotic con-
ditions and biotic communities (Lawton et al. 1993; Baskett
and Schemske 2018; Moreira et al. 2018a; Hahn et al. 2019;
Nufiez-Farfan and Valverde 2020). Surveys provide evi-
dence for smaller, regional variation in herbivore densities
and damage levels across populations of a variety of plant
species (Gémez and Zamora 2000; Thompson and Cunning-
ham 2002; Ziist et al. 2012; Lynn and Fridley 2019; Vercosa
et al. 2019; De-la-Cruz et al. 2020b). However, there has
been less focus on documenting variation in herbivore com-
munity structure at even smaller scales (Karban and Naga-
saka 2004; Bischoff and Trémulot 2011; Valdéz and Ehrlén
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2017; Kalske and Kessler 2020; Sanczuk et al. 2021), such
as among local plant populations that make up a metapopu-
lation. Such populations are connected by at least some gene
flow that can influence the rate of evolution of resistance.
Data at this scale would shed insight into the question of
whether interpopulation variation in herbivore-community
structure tends to be caused by, to be a result of, or to be
unrelated to resistance levels in the host-plant populations
that have presumably evolved in response to damage by the
herbivores (Loughnan and Williams 2019; Sanczuk et al.
2021).

The size of an herbivore population also can vary greatly
from year to year in response to such factors as weather,
intraspecific competition, disease, or predation. The result-
ing temporal variation in damage levels caused by the her-
bivore may slow evolutionary responses in the plant, as the
selective benefit of resistance to that herbivore will vary
from year to year, perhaps being outweighed by costs of
resistance when herbivory is low (Lge et al. 2007; Agrawal
2011; Hare 2012; Rausher and Huang 2016). Temporal vari-
ation in the structure of a multiple-herbivore community
could pose an even more complex set of constraints on the
evolution of resistance (Lankau 2007; Lankau and Strauss
2008; Muola et al. 2010; Lay et al. 2011; Kalske and Kessler
2020). For instance, genetic correlations in resistances to dif-
ferent herbivores, ecological interactions among species of
herbivores, or nonadditivity of combined impact of different
herbivores on host-plant fitness can all act either to facili-
tate or to constrain the evolution of plant resistances against
members of the herbivore community (Hougen-Eitzman and
Rausher 1994; Rausher 1996; Stinchcombe and Rausher
2001; Wise 2009, 2023; terHorst et al. 2018). For a hotspot
of coevolution to occur among plant populations, the rate of
evolution must outpace temporal variation in selective forces
across the lifetime of that plant population. Although there
is no question that population sizes of herbivorous insects
vary over time (Thompson 1998a; Karban and Nagasaka
2004), there is relatively little field data on year-to-year
variation in the structure of multi-herbivore communities
within host-plant populations on the metapopulation scale
that may be most relevant to the geographic mosaic theory
of plant-herbivore coevolution (Lawton and Gaston 1989;
Lay et al. 2013).

Some insight into the dynamics of geographic mosaics
of coevolution may be found by measuring, in a set of local
host-plant populations within a metapopulation, both the
herbivore-community structure and the genetically based
resistance levels of the plants against those herbivores
(G6émez and Zamora 2000; Karban and Nagasaka 2004;
Woods et al. 2012; Vercosa et al. 2019; Kalske and Kessler
2020). A correlation between the abundance of an herbivore
species and resistance of the plants to that species would
be consistent with coevolution between the pair (Crémieux
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et al. 2008; Hahn et al. 2019; De-la-Cruz et al. 2020b). A
negative correlation between an herbivore species’ abun-
dance and plant resistance to that herbivore would suggest
that resistance limits the abundance of the herbivore. In con-
trast, a positive correlation would indicate that resistance
does not play as large of a role in controlling an herbivore’s
abundance. However, a positive correlation still suggests that
plant populations may be evolving higher levels of resist-
ance in response to damage by that herbivore. Finally, a lack
of correlation would suggest that the plant’s evolution of
resistance to an herbivore is not rapid enough to be detected
at that spatial and temporal scale, and that the herbivore’s
abundance is controlled by factors other than plant resistance
traits (Bischoff and Trémulot 2011).

To address these issues, I examined spatial and temporal
variation in damage by leaf-feeding and stem-boring herbi-
vores of the perennial herbaceous weed horsenettle (Sola-
num carolinense). Specifically, I measured herbivore damage
in four horsenettle populations in northern Virginia in two
consecutive years that exhibited extreme climatic variation
(viz., El Nifio and La Nifia cycles). I compared these field
data with damage levels in a common-garden experiment
in which 24 clonal replicates of ten genets from each of the
four fields were transplanted into an existing oldfield popu-
lation of horsenettle. Here, I use these data sets to address
the following questions: (1) How much does the community
structure of herbivores (as characterized by relative levels
of feeding damage) differ among horsenettle populations at
a local scale? (2) How much variation is there in levels of
herbivore damage from one year to the next? (3) How con-
sistent is the herbivore-community structure between years
with very different weather? 4) Does herbivore-community
structure relate to genetic differences in resistance levels
among horsenettle populations?

Methods
Study species

Solanum carolinense L. (Solanaceae), or horsenettle, is a
perennial herb that thrives in disturbed sites, such as road-
sides and old agricultural fields (Ilnicki et al. 1962; Bassett
and Munro 1986). Horsenettle is native to the southeastern
United States, but it is now considered to be a noxious weed
throughout much of North America, and it is invasive in
Europe and Asia (Gorrell et al. 1981; Nichols et al. 1991;
NAPPO 2003; Follak and Strauss 2010). Horsenettle has
been widely studied because of its economic relevance—
both as a direct pest of crops and pastures (Albert 1960;
Freeland 1982; Frank 1990; Whaley and Vangessel 2002)
and as a reservoir of natural enemies of its taxonomic rela-
tives, including potatoes, tomatoes, eggplants, peppers, and

tobacco (Judd et al. 1991; Mena-Covarrubias et al. 1996;
Aguilar and Servin 2000; Wise 2018). Thus, its community
of herbivores has been rather well characterized (Somes
1916; Bailey and Kok 1978; Nichols et al. 1992; Imura
2003; Wise 2007b).

The current study focuses on the following five specialist
leaf-feeding herbivores (folivores) and one stem borer:

1) Tildenia inconspicuella (Murtfeldt) (Lepidoptera: Gel-
echiidae). Larvae of the “eggplant leafminer” feed in
mines on the edges of horsenettle leaves (Gross 1986).
The browned leaf areas remain as evidence of their feed-
ing long after the larvae pupate.

2) Gratiana pallidula (Boheman) (Coleoptera: Chrysomeli-
dae). Larvae and adults of the “eggplant tortoise beetle”
feed on areas of leaf tissue between veins, causing char-
acteristic oval-shaped holes in the leaves’ surface (Wise
2007b).

3) Leptinotarsa juncta (Germar) (Coleoptera: Chrysomeli-
dae). Larvae (often in groups) and adults of the “false
potato beetle” feed from the edges of horsenettle leaves,
often consuming large sections of individual leaves, but
only rarely consuming entire leaves (Wise 2007b).

4) Epitrix fuscula Crotch (Coleoptera: Chrysomelidae).
Adults of the “eggplant flea beetle” chew small holes
through horsenettle leaves, resulting in a “shotgun”
appearance characteristic of flea-beetle damage (Wise
and Sacchi 1996; Wise and Weinberg 2002). Larvae of
this species feed underground on horsenettle roots.

5) Gargaphia solani Heidemann (Hemiptera: Tingidae).
Both adults and nymphs of the “eggplant lace bug” suck
fluids from leaf parenchyma cells, but most of the dam-
age is done by nymphs as they feed in large groups that
move from leaf to leaf, causing increasing amounts of
damage as they grow (Wise and Mudrak 2021).

6) Trichobaris trinotata (Say) (Coleoptera: Curculionidae).
Adult females of the “potato stalk borer” lay eggs sin-
gly in the apex of young horsenettle ramets, and larvae
spend the spring and summer boring downward through
the stem, pupating in the base of the stem near the soil
surface (Wise 2018).

Field sites

In 1997, I chose four populations of horsenettle with dif-
ferent management histories to serve as sites for herbivore
censuses. Two of these sites occurred on the University of
Virginia’s Blandy Experimental Farm in Clarke County, VA,
USA: an old hayfield that was last disturbed in 1985 and
a site managed as a wildflower and native grass meadow.
These sites will be referred to respectively as the “Blandy
Oldfield” and the “Blandy Meadow.” The third site was
located in an old horse pasture at Sky Meadows State Park
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in Fauquier County, Virginia (~ 13 km from Blandy Farm),
and the fourth site was a ruderal field between a small
woodlot and See Lane in an area in Frederick County that
is quickly becoming engulfed by commercial development
(~7 km from Blandy Farm). These two sites, which are ~22
km apart, will be referred to respectively as “Sky Meadows”
and “See Lane.” (These four sites also served as the source
of horsenettle genets for the common-garden experiment
described below.)

In the spring of 1998, soon after the emergence of hors-
enettle ramets (stems), I ran one or more linear transects
through each of the four fields described above. To select
25 evenly spaced ramets, I placed a meter stick to the right
of the transect tape at 2-m intervals and flagged the hors-
enettle ramet nearest to the end of the stick. Measurements
of leaf herbivory were made on each of the flagged ramets
5 times throughout the growing season. (Only results from
the census performed from 1 to 3 August are reported here,
to correspond to the timing of the 1999 census. See below.)

On each plant, I counted the total number of leaves and
the number of leaves demonstrating damage by the five most
common folivores (described above). Because nearly every
leaf experienced flea-beetle (Epitrix) feeding, damage by
this insect was quantified more precisely. I placed a clear
plastic grid consisting of a 92.7 mm? square divided into 25
squares to the right of the midvein of each of the three new-
est fully expanded main stem leaves and recorded the num-
ber of squares covering tissue that had been damaged by flea
beetles. The percentage of the squares exhibiting flea-beetle
damage for these three leaves combined served as an index
for flea-beetle damage on that plant. Once the shoots had
senesced at the end of the growing season, I harvested them
and dissected their stems to search for evidence of feeding
by the potato stalk-borer (Trichobaris). 1 also recorded the
number of fruits that developed to maturity on each ramet.

In the spring of 1999, I again ran transects through the
four fields and chose 30 ramets (32 at See Lane) in each
horsenettle population in the same manner as the previous
year. Observations of insects were conducted regularly in
1999, but detailed leaf counts and damage measurements
were made only once (between 27 July and 2 August),
after most feeding had occurred but before many leaves
had senesced. The plants were harvested after shoot senes-
cence and their stems were dissected to look for evidence of
stalk-borer damage. The number of fruits matured was also
recorded for each ramet. In both years, a small fraction of the
plants were killed by herbivory, deer trampling, or vandal-
ism before the final damage censuses. The number of plants
with damage measures ranged from 23 to 25 per population
in 1998 and from 27 to 30 in 1999.

Because damage levels of the six herbivores did not all
use the same units, and because of the rather wide differ-
ences in damage levels among the species, it was difficult
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to visualize differences in herbivore-community structure
using the raw damage data. To ameliorate these challenges,
I relativized the damage levels for each herbivore by divid-
ing the damage level measured on each ramet by the highest
mean-damage level for that species in any site for either
year. Thus, the field site and year with the maximum damage
level for a species would have a mean relativized value of
“one” for that species, and a site that suffered no damage by
a particular herbivore in a year would have a mean relativ-
ized value of “zero.”

Historical data on precipitation and temperatures at
Blandy Farm were obtained from a database available online
at: https://findtrees.blandy.virginia.edu/blandy/weather. The
data used in the current study included daily precipitation
values and high temperatures from January 1991 through
December 2021.

Common-garden experiment

Because data from the common-garden experiment have
been used in previous publications (Wise 2007b, a), the
experiment is described only briefly here. In the spring of
1997, I excavated roots from 30 newly emerged horsenettle
ramets from each of the four fields described above. The
chosen ramets were growing at least 6-m apart to make it
likely that the roots were from separate genetic individuals
(genets). Because horsenettle is self-incompatible (in terms
of sexual reproduction), I was able to confirm distinct iden-
tity of the genets eventually used in the experiment by a
series of cross-pollinations performed in 1998 (Wise 2003).

The field-collected roots were transplanted into pots con-
taining a peat-based commercial growing medium (Wesco
Growing Media III, Wetsel Seed Company, Harrisonburg,
VA), and the plants were placed in a semi-protected outdoor
area where they were allowed to grow until shoot senes-
cence. The perennial roots were removed from the pots and
were kept in refrigeration over the winter, and new root
growth from each genet was grown in pots in the same con-
ditions as 1997. This process was repeated each year through
2001, which served to generate clonal replicates for a series
of experiments as well as to purge the genets from potential
non-genetic, carryover effects from environmental differ-
ences between and within the source fields.

In the spring of 2001, ten genets from each of the four
source populations were selected for the common-garden
experiment. Roots from each genet were cut into equal-vol-
ume segments (2 cm®), which were then planted individually
into 3.8 L (1-gallon) plastic pots in fresh growing medium.
Between 28 June and 2 July, 24 healthy ramets from each
of the 40 genets were transplanted into a grid amid a large
horsenettle population in an oldfield at Blandy Farm that
had been mowed (bush-hogged) each winter to stall second-
ary succession. The grid consisted of 960 planting positions
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allocated equally across three spatial blocks, with each block
consisting of 10 rows (2 m apart), and with transplanting
positions 1.5 m apart within the rows. Within each block,
eight ramets of each of the 40 genets were transplanted into
randomized planting positions. The ratio of naturally occur-
ring horsenettle ramets to transplanted ramets was ~30:1,
and there was a diverse community of horsenettle herbivores
in this field (Wise 2007b).

Folivory measurements were taken in August and Sep-
tember—after most feeding had occurred but prior to leaf
senescence—to obtain the most comprehensive and accu-
rate damage estimates possible. Damage levels by Tildenia
and Gratiana were quantified as the proportion of leaves
displaying leaf mines or oval-shaped feeding holes, respec-
tively. For Leptinotarsa, more precise measurements were
made by a visual estimation of percentage categories for a
sample of the ten youngest fully expanded leaves on each
ramet (Wise 2007a). The same grid technique as described
above was used to quantify damage by Epitrix flea beetles.
For Gargaphia, a plant was considered damaged if lace bug
eggs had been laid on it and there was evidence of feeding
by a brood of nymphs. As in the field censuses, all stems in
the garden experiment were dissected upon senescence to
record evidence of damage by Trichobaris.

Statistical analyses

All statistical tests reported in this paper were performed
using JMP-IN 4.0.4 (SAS Institute, Cary, NC, USA). To
assess spatial and temporal patterns in plant growth and
reproduction in the four field populations, I ran two ANO-
VAs with the following response variables: (1) the number
of leaves present at beginning of August, and (2) the num-
ber of fruits matured. The number of leaves was natural-
log transformed, and the number of fruits was square-root
transformed to better meet the distributional assumptions
of ANOVA. The explanatory variables for these ANOVAs
were field site and year, both of which were treated as fixed-
effects factors. ANOVAs with the same response variables
were then run separately for each year (1998 and 1999),
and Tukey HSD tests were performed to assess differences
between all pairs of field sites in those 2 years. Similarly,
ANOVAs with the same response variables were also run
separately for each field site, and Tukey HSD tests were
performed to assess differences between years within each
field site.

To assess spatial and temporal patterns in damage levels
by herbivores in the four field populations of horsenettle,
a set of six ANOVAs similar to those described in the
previous paragraph were run, with the response variables
being the relativized-damage measurements for the six dif-
ferent herbivores included in the field censuses. (The infer-
ences of the ANOVAs were the same when using the raw

data instead of the relativized data because the response
variates were divided by the same number within each
ANOVA.) Tukey HSD tests were then performed within
each year to assess the statistical significance of inter-field
differences in damage levels for each herbivore. Likewise,
Tukey HSD tests were performed within each field site to
assess the statistical significance of between-year differ-
ences in damage levels for each herbivore.

To look for evidence of horsenettle’s evolution of resist-
ance to herbivory, I compared mean damage levels of her-
bivore species in each of the four field populations with
horsenettle’s mean-resistance levels against the respective
herbivore species and source fields in the common-garden
experiment. A few factors complicated these comparisons.
For example, not only did the units and techniques of the
damage measurements vary among the herbivore species,
but for some species, they also differed in details between
the field surveys and common-garden experiment. The
range of variation in damage levels for the species also
differed greatly among the field sites and between the
common-garden experiment and the field sites. Finally,
even with a small sample size of four means (one for each
herbivore for each of the four field sites), it was apparent
that the distributions of means were often quite skewed. To
display and to analyze the field and garden comparisons in
the most direct and assumption-free manner, I used rank-
ings rather than raw damage levels.

In the field surveys, for each species of herbivore, I
first ranked the fields from least-heavily damaged (“17)
to most-heavily damaged (“4”) by that herbivore in each
year. That is, each of the six herbivores received its own
set of four rankings for 1998 and for 1999. For the analysis
presented in this paper, [ used the mean value of the rank-
ings for the 2 years for each species.

In the common-garden experiment, I also ranked the
four source fields for mean-damage levels caused by
each of the six herbivore species, with “1” assigned to
the source population with the least damage, and “4”
assigned to the source population with the most damage
in the common garden. Each of these 24 mean-damage
values included data from at least 231 (and at most 240)
separate ramets in the common garden. Because a plant’s
“operational” resistance to an herbivore is defined as the
inverse (or opposite or complement) of the amount of dam-
age caused by that herbivore, a damage ranking of “1” in
the garden would indicate that the source population had
the highest (genetically controlled) resistance level of the
four populations to that herbivore, while a damage ranking
of “4” in the garden would indicate that a source popula-
tion had the lowest level of resistance to that herbivore. If
the population level of an herbivore species in a field was
determined primarily by the level of genetically controlled
resistance of its host-plant population, then rankings in the
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garden should be reflected in the rankings in the field (low
with low, and high with high).

To quantify the overall relationship between herbivores’
damage levels in the field and in the common-garden experi-
ment, I calculated the Pearson product-moment correlation
between the 24 pairs of damage rankings (four pairs for each
of the six herbivores). A positive correlation would indicate
that plant populations with higher levels of genetically con-
trolled resistance tended to host lower densities of insect
herbivores in the field. In contrast, a negative correlation
would indicate that more-resistant plant populations actually
hosted higher densities of herbivores in the field—a result
that would suggest that plant resistance did evolve resistance
levels in proportion to herbivore densities, but that herbivore
densities in the field were not controlled by plant resistance.

Results

The overall weather conditions were substantially different
in the 2 years of field-data collection (Table 1). In particu-
lar, the majority of the growing season of 1998 was much
wetter than in 1999, with June of 1998 seeing 5 times more
precipitation than June of 1999 at Blandy Farm. In addition,
the amount of precipitation from January through April of
1998 was nearly twice the amount as during same span of
1999 (21.6 cm and 11.7 cm, respectively). Furthermore, the
mean maximum-daily temperature for June was 7% higher
in 1999 than in 1998, and it was 11% higher for July in 1999
than in 1998.

Horsenettle ramets in the field sites produced nearly twice
as many leaves and 10 times as many fruits in 1998 as in
1999 (Table 2; Fig. 1). There were some significant differ-
ences in leaf and fruit production among the four popula-
tions, but each population showed the same pattern of much
lower production in 1999 (Fig. 1).

Damage levels by five of the six species of horsenettle
herbivores varied widely across the four field sites (Field
main effect: P<0.0001, Table 3; Fig. 2). Only for the tor-
toise beetles (Gratiana) were there no statistically significant
differences between fields, even though the damage levels by
this species differed fivefold among the fields in 1998 and
2.6-fold in 1999. The relative levels of damage caused by
each species across the four fields were rather idiosyncratic,
such that each field tended to be dominated by a different

Table2 Summary of ANOVA results for the variation in leaf and
fruit production across horsenettle populations (fields) and between
years. The numbers of leaves were natural-log transformed and the
numbers of fruits were square-root transformed prior to analyses

Source df MS F-ratio P-value
Leaves
Field 3 7.52 30.30 <0.0001
Year 1 23.60 95.12 <0.0001
Field X year 3 0.42 1.69 0.17
Error 202 0.25
Fruits
Field 3 6.89 9.49 <0.0001
Year 1 62.93 86.70 <0.0001
Field X year 3 4.35 5.99 0.0006
Error 206 0.73

species of herbivore (Fig. 2). For instance, stalk borers
(Trichobaris) were consistently high in the Blandy Oldfield;
potato beetles (Leptinotarsa) had the highest relative damage
in the Blandy Meadow; lace bugs (Gargaphia) were most
damaging in Sky Meadows; and leaf miners (7ildenia) and
tortoise beetles (Gratiana) tended to be at their most damag-
ing in the See Lane population of horsenettle (Fig. 2).

Damage levels by all six herbivores in the field were also
very different between years (Year main effect: P <0.0001;
Table 3). For all five folivores, damage tended to be greater
in 1999 than 1998 (Fig. 3). However, the relative magni-
tudes of the differences between years tended to vary among
fields, as evidenced by the significant Field-by Year interac-
tion in the ANOVAs for three of the six species of herbivores
(Table 3). Moreover, 19 of the 20 between-year comparisons
of relative damage for the five folivores (across the four field
sites) were in the direction of greater damage in 1999, and
11 of these differences were determined to be statistically
significant by Tukey HSD tests (indicated by stars in Fig. 2).
In contrast, damage by the potato stalk borer (Trichobaris)
was greater in 1998 than in 1999 (Fig. 3), with the differ-
ences being statistically significant for two of the four field
sites (Fig. 2).

Despite highly significant differences in damage levels
between years, the relative importance of the six herbivore
species within the four field populations of horsenettle
remained rather consistent between years. That is to say,
for none of the herbivores did the relative damage ranking
across fields change drastically between 1998 and 1999

Table 1 Weather summary

Precipitati
for Blandy Farm from Jan 1 recipitation (cm)

Mean high temperature (°C)

June July Total May June July Mean

through 31 July of 1998 and Year Jan—Apr May

1999. The 31-yr means cover

1991-2021 1998 21.6 10.2
1999 11.7 43
31-year mean 31.9 10.2

16.2 1.4 27.8 25.8 279 31.3 28.3
32 7.5 15.0 25.5 30.0 347 30.1
8.6 8.9 27.7 23.0 27.5 29.9 26.8
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Table 3 Summary of ANOVA results for the variation in damage lev-
els across horsenettle populations (fields) and between years

Source df MS F-ratio P-value

Tildenia

Field 3 1.30 47.93 <0.0001
Year 1 0.82 30.15 <0.0001
Field X year 3 0.31 11.35 <0.0001
Error 205 0.027

Gratiana

Field 3 0.064 2.11 0.10
Year 1 0.83 27.19 <0.0001
Field x year 3 0.050 1.64 0.18
Error 205

Leptinotarsa

Field 3 1.24 15.44 <0.0001
Year 1 1.37 17.06 <0.0001
Field x year 3 0.19 2.31 0.08
Error 205 0.080

Epitrix

Field 3 1.12 51.02 <0.0001
Year 1 1.03 47.10 <0.0001
Field X year 3 0.45 20.49 <0.0001
Error 208 0.022

Gargaphia

Field 3 1.32 48.66 <0.0001
Year 1 0.55 20.26 <0.0001
Field X year 3 0.42 15.59 <0.0001
Error 205

Trichobaris

Field 3 2.01 9.86 <0.0001
Year 1 3.39 16.61 <0.0001
Field X year 3 0.093 0.46 0.71
Error 205

ab
b

3 -
2 -

] b
1 - X X

h X X
0 - T T T 1

BO BW SM SL

Source population

Fig.1 Comparison of leaf and fruit production of horsenettle
ramets among fields and between years. Columns and bars represent
means+one standard error. Within a year, bars that share a lower-
case letter are not statistically significantly different at P <0.05, as
determined by Tukey HSD tests. BOBlandy Oldfield, BM Blandy
Meadow, SM Sky Meadows, SLSee Lane

(Fig. 2). As one specific example, folivory by potato beetles
was highest in the Blandy Meadow population and lowest at
Sky Meadows in both 1998 and 1999 (Fig. 2).

The combined results suggest an overall negative rela-
tionship between an herbivore’s damage levels in each field
and that herbivore’s damage levels on ramets from the cor-
responding source fields in the common-garden experiment.
Specifically, for five of the six species of herbivores, the rela-
tionship was in the negative direction, with potato beetles
(Leptinotarsa) being the lone exception (Fig. 4). Flea beetles
(Epitrix) displayed a perfect inverse relationship, with the
fourth, third, second, and first rankings among fields sites

being the first, second, third, and fourth rankings, respec-
tively, in the garden experiment. The correlation coefficient
including all six species was on the cusp of traditional sta-
tistical significance (r=— 0.40, P=0.053; dotted line in
Fig. 4).

Discussion
Spatial variation in herbivory

The four field populations of horsenettle in this study hosted
a nearly identical suite of herbivore species, including five
common folivores and a stem borer. Despite the fact that
each field supported the same roster of these six focal her-
bivores, the relative amounts of damage inflicted on hors-
enettle by these species differed greatly among the four
fields. Moreover, the fields showed great variation in the
relative dominance of the different herbivore species feed-
ing on horsenettle. To the extent that the relative amounts
of damage are determined by the relative abundances of
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Fig.2 Comparison of damage levels by the six species of horsenettle
herbivores among field sites and between years. For each herbivore,
the mean damage levels were relativized to a maximum value of one
by dividing each mean by the largest mean-damage value across the
four field sites and 2 years. Columns and bars represent relativized
mean-damage levels+one standard error. Within a year, bars that
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Fig.3 Comparison of damage levels by the six species of horsenet-
tle herbivores between years, averaged across the four field sites. Col-
umns and bars represent mean-damage levels+one standard error.
Damage levels for each species were significantly different between
1998 and 1999 (P <0.0001, Table 3). Herbivore-species are abbre-
viated as follows: FBeggplant flea beetle, PBfalse potato beetle,
LM eggplant leafminer, 7Beggplant tortoise beetle, LBeggplant lace
bug, PSBpotato stalk borer. As explained in the text, damage by FB
was quantified by a unitless index proportional to the relative leaf
area consumed; damage by PB, LM, TB, and LB was quantified as
the proportion of leaves exhibiting feeding, and damage by PSB was
indicated by the presence (1) or absence (0) of a PSB in the stem at
the end of the growing season. N=100 horsenettle ramets in 1998
and 124 horsenettle ramets in 1999

the herbivores, this study provided convincing evidence of
spatial (among host-plant-population) variation in the com-
munity structure of the horsenettle herbivores at a metap-
opulation scale.

Differences in community structure among locations can
be due to barriers to dispersal, including simply the loca-
tions being too far apart (Lawton et al. 1993; Vercosa et al.
2019; Nunez-Farfan and Valverde 2020). However, it seems
highly unlikely that the differences in herbivore-community
structure found in the current study could be due to dispersal
barriers. First, all six species are flying insects—though not
all are particularly strong or graceful fliers. The four fields
were all within 22 km of each other, and the intervening
landscape contained plenty of disturbed and field habitat
ideal for horsenettle. Second, the similarities in commu-
nity structures between fields were not related to the dis-
tance between the fields (MJ Wise, unpublished data). For
instance, the herbivore-community structure of the Blandy
Oldfield was less similar to that of the Blandy Meadow (only
a few hundred meters) away than to that of See Lane (more
than 7 km away).

w N

Damage rank in garden

1 .
1 2 3 4
Damage rank in field

Fig.4 Comparison of damage levels by six species of horsenettle
herbivores in the four field sites with damage levels experienced by
ramets from the same fields planted in the common garden. Ranks
range from 1 to 4, with 1 representing the lowest damage level. Her-
bivore-species are as follows: FBeggplant flea beetle (purple line),
LBeggplant lace bug (pink line), LM eggplant leafminer (blue line),
PBfalse potato beetle (green line), PSBpotato stalk borer (orange
line), TBeggplant tortoise beetle (red line). The pink line (for lace
bugs) was jittered upward for visibility, as its true location coincides
with the orange line). The black, dotted line represents the correla-
tion between damage ranks for all six species of herbivores combined
(r=-10.40, P=0.053)

Differences in the community structure of herbivores
sharing a host plant could also be due to differences in
abiotic conditions among the fields (Moreira et al. 2018b;
Hahn et al. 2019; Lynn and Fridley 2019; Sanczuk et al.
2021). Although the field sites in the current study were
close enough together that their macro-environments were
similar, there were likely differences in micro-environmental
conditions, such as soil type and moisture level, that could
directly affect horsenettle and its herbivores.

The differences in species of plants sharing the differ-
ent fields with horsenettle could have affected composition
of horsenettle herbivores through associational (neighbor)
effects (Barbosa et al. 2009; Underwood et al. 2014; Mutz
et al. 2022). On one hand, neighboring plants that produce
similar volatile chemicals to horsenettle’s volatiles might
attract horsenettle’s herbivores to a field. On the other hand,
neighboring plants might produce volatile chemicals that
mask the presence of horsenettle in a field, thus reducing the
attack rate on horsenettle. Importantly, the focal herbivores
of this study are essentially monophagous on horsenettle in
field sites (Wise 2007b). Therefore, the presence or absence
of plant species that could serve as alternative hosts is not
likely to have been a factor in the abundance of horsenettle’s
herbivores in this study.
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Temporal variation in herbivory

The average proportion of the horsenettle ramets’ leaves (or
relative leaf area) that exhibited damage was greater for all
five of the folivores in 1999 than in 1998. Such a result could
be due to a greater density of all of the folivores in 1999, to
the plants being smaller in 1999, or to a combination of both
factors. Indeed, the horsenettle ramets were much smaller
in 1999 across all four field sites—producing only half as
many leaves as they did in 1998. If the density of a species
of folivore was the same in 1999 as in 1998 in a field site,
then one might expect the proportion of horsenettle’s leaves
damaged by that species to be twice as great in 1999 as it
was in 1998.

For the eggplant leafminer (7ildenia), the overall relative
damage level (all four sites combined) was indeed twice as
high in 1999, suggesting that the density of this species was
roughly the same in the 2 years. The relative damage levels
by two other folivores (Gratiana and Gargaphia) were con-
siderably greater than twice as high in 1999 than in 1998,
a result that suggests that the densities of these two species
were greater in 1999 than in 1998. For the two other foli-
vores (Epitrix and Leptinotarsa), the relative damage levels
were slightly less than twice as great in 1999, suggesting that
the population densities of these species were lower in 1999
than in 1998. Finally, the proportion of stems infested by
the potato stalk borer (Trichobaris) was considerably lower
in 1999 than in 1998, which suggests that the stalk borer’s
population density was indeed lower in 1999.

Although changes in the abundances of the herbivores
were only indirectly inferred using changes in relative dam-
age levels, it is clear that the magnitude and direction of
changes in abundance from 1998 to 1999 were not the same
for all six species of the herbivores. Furthermore, the mag-
nitudes of the temporal changes were not the same across
the four field sites for most of the focal herbivore species.
Importantly, however, the direction of the temporal changes
in population density for each herbivore was quite consist-
ent across the four fields. As a result, the spatial differences
in the overall herbivore damage regimes (and by inference,
the herbivore-community structures) among fields remained
consistent across 2 years of vastly different growing condi-
tions that were attributed to an intense El Nifio in 1998 fol-
lowed by a La Nifia in 1999.

Implications for geographic mosaics of coevolution

Two major results from the field surveys are most relevant
to the formation of a geographic mosaic of coevolution.
First, the four horsenettle populations varied widely in the
relative amounts of damage they experienced from each of
the herbivores. Second, the differences in the patterns of
relative amounts of damage caused by the different species
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of herbivores were largely maintained across years—even
though these years represented opposite extremes of the
spectrum of weather conditions. Previous studies have
demonstrated that these particular horsenettle populations
contain significant levels of genetic variation for resistance
against herbivory, and that herbivores can have significant
effects on horsenettle’s fitness (Wise and Sacchi 1996; Wise
2007a; Wise et al. 2008; Wise and Rausher 2013). Alto-
gether, these results suggest that horsenettle and its her-
bivores are prime candidates to demonstrate a geographic
mosaic of coevolution between a plant and its multiple-her-
bivore community (Thompson 1994; Gémez and Zamora
2000; Thompson and Cunningham 2002; Ziist et al. 2012;
De-la-Cruz et al. 2020b).

Relationship between plant-resistance levels
and herbivore-community structure

Consistent with the geographic mosaic model of coevolu-
tion, this study provided some intriguing evidence that the
abundances of the insects that made up the herbivore com-
munity (inferred from levels of damage they caused) were
related to genetically controlled differences in resistance
levels among the plant populations. Specifically, for five of
the six herbivores, the correlation between damage levels in
the four field populations and damage levels in the common
garden were in the negative direction. In other words, hors-
enettle populations with relatively higher levels of resistance
to an herbivore tended to support relatively higher densities
of that herbivore. From a purely ecological perspective, this
result is rather counterintuitive. That is, one might expect
that a high density of an herbivore in a host-plant popula-
tion would suggest that the plant population was not very
resistant. From an evolutionary perspective, it appears that
higher herbivore pressures have tended to cause plants to
evolve greater levels of resistance without a concomitant
reduction in the herbivore population size. In other words,
horsenettle’s evolutionary response may be relatively rapid,
while an ecological feedback in terms of herbivore abun-
dance may lag behind.

This pattern of the level of damage caused by an herbi-
vore being positively correlated with the plant populations’
resistance was most striking for the eggplant flea beetles
(Epitrix). Notably, flea beetles were not only the most abun-
dant of the six herbivores in this study, they also exerted
the strongest magnitude of natural selection for increased
resistance in horsenettle in the common-garden experiment
(Wise and Rausher 2013). Therefore, one might expect a
more rapid evolution of resistance against flea beetles than
against the other herbivores within horsenettle populations.
As a result, one might expect densities (and thus damage
levels) of flea beetles to be reduced to a greater degree in
the fields with higher resistance. However, factors other than
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plant-resistance levels must have outweighed any effects that
plant resistance had on the overall density of flea beetles in
the field populations.

Although they were not a focus of this study, several other
factors that may lead to differences in abundances of differ-
ent species of herbivores among fields are worthy of men-
tion. Most simply, differences in herbivore-community struc-
ture may be due to historical contingencies of how readily
each species was able to colonize a field (Lawton et al. 1993;
Stam et al. 2018). In addition, herbivore abundances could
be controlled by tolerances of abiotic conditions that vary
among fields (Lynn and Fridley 2019; Sanczuk et al. 2021).
Finally, the abundances of an herbivore’s predators or patho-
gens may vary among fields, which could lead to differences
in population densities of herbivores among fields if these
natural enemies exert top-down control on the herbivore
populations (Gémez and Zamora 2000; Callejas-Chavero
et al. 2020). These factors are not mutually exclusive with
each other or with the effects of host-plant resistance on
herbivore abundance. Although their relative roles in con-
trolling herbivore abundance in horsenettle populations are
not known, what is clear is that cumulative effect of the other
factors outweighed the effects of plant resistance in limiting
the abundance of at least five of the horsenettle herbivores
in the current study.

The false potato beetle (Leptinotarsa juncta) was the only
species for which horsenettle’s resistance levels were nega-
tively associated with levels of folivory in the field popula-
tions. That is, the horsenettle populations with higher levels
of resistance to false potato beetles (determined operation-
ally in the common garden) tended to suffer lower levels of
leaf-feeding by this species in the source fields. Why false
potato beetles would be the only herbivore showing this pat-
tern is not clear. One reason why the patterns might differ
among species of herbivores is that the more mobile species
would be able to sample among populations and thus choose
to feed and oviposit on plants in populations with relatively
low resistance. Despite their bulky bodies and lumbering
gait, adult potato beetles can fly long distances to locate
host-plant populations (Boiteau 2001). Whether they are bet-
ter at this than the other species of herbivores included in
this study is not known.

It may also be important that false potato beetles do not
restrict their feeding to leaves, but they also do consider-
able damage to flowers and fruits. Florivory and frugivory
by potato beetles have been found to impose much stronger
directional selection to increase resistance in horsenettle
than does stem boring or leaf damage by any herbivore spe-
cies (Wise and Rausher 2013). Resistance against potato
beetles may thus be more important to horsenettle than to
the other five herbivores in this study. As a result, resistance
may be strong enough to affect potato beetle density more
than it affects the density of the other herbivores included

in this study. However, such rationale is not consistent with
the observed pattern that flea beetle damage in the field was
strongly positively correlated with resistance levels—even
though selection for flea beetle resistance was stronger than
selection for resistance to the stem borer or to any of the
other folivores (Wise and Rausher 2013).

What is most clear from this study is that the community
structure of herbivores that share a host plant does not neces-
sarily reflect genetically controlled host-plant resistance lev-
els against the array of herbivores it encounters. If the results
for horsenettle are generalizable across systems, then it may
be expected that higher densities of a species of herbivore
in a host-plant population (relative to other populations of
the host plant) are more likely to be associated with higher
levels of plant resistance, rather than lower levels of plant
resistance, against that herbivore.
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