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Abstract
Premise: Herbivore pressure can vary across the range of a species, resulting in
different defensive strategies. If herbivory is greater at lower latitudes, plants may be
better defended there, potentially driving a latitudinal gradient in defense. However,
relationships that manifest across the entire range of a species may be confounded by
differences within genetic subpopulations, which may obscure the drivers of these
latitudinal gradients.
Methods: We grew plants of the widespread perennial grass Panicum virgatum in a
common garden that included genotypes from three genetic subpopulations spanning
an 18.5° latitudinal gradient. We then assessed defensive strategies of these plants by
measuring two physical resistance traits—leaf mass per area (LMA) and leaf ash, a
proxy for silica—and multiple measures of herbivory by caterpillars of the generalist
herbivore fall armyworm (Spodoptera frugiperda).
Results: Across all genetic subpopulations, low‐latitude plants experienced less
herbivory than high‐latitude plants. Within genetic subpopulations, however, this
relationship was inconsistent—the most widely distributed and phenotypically
variable subpopulation (Atlantic) exhibited more consistent latitudinal trends than
either of the other two subpopulations. The two physical resistance traits, LMA and
leaf ash, were both highly heritable and positively associated with resistance to
different measures of herbivory across all subpopulations, indicating their importance
in defense against herbivores. Again, however, these relationships were inconsistent
within subpopulations.
Conclusions: Defensive gradients that occur across the entire species range may not
arise within localized subpopulations. Thus, identifying the drivers of latitudinal
gradients in herbivory defense may depend on adequately sampling the diversity
within a species.
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The level of herbivory on a plant varies spatially and
temporally, leading to differences in plant defensive
strategies (Mithöfer and Boland, 2012; Farmer, 2014). One
important determinant of plant defensive strategies is the
latitude from which plant populations originate. At lower

latitudes, the likelihood of interacting with herbivores tends
to be higher, which can lead to greater selection pressure for
increased resistance to herbivory (Schemske et al., 2009;
Anstett et al., 2016). Similarly, growing seasons at lower
latitudes are often longer, which may promote greater leaf
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longevity (Kikuzawa et al., 2013). Because of their high
construction costs, long‐lived leaves tend to be well
defended against herbivores, pathogens, and abiotic dam-
age. In particular, physical defenses against herbivory may
be important (Moles et al., 2011b). Because herbivory often
exerts strong selective pressure on plant populations,
genetic links between resistance traits and herbivory may
evolve (Anderson and Mitchell‐Olds, 2011). However,
because herbivory pressure can vary spatially, these relation-
ships may vary among geographically separated populations
within species. Thus, understanding the role of latitude in
plant defensive strategies may require identifying the
genetics underlying plant resistance to herbivory.

The latitudinal herbivory defense hypothesis (LHDH)
states that a species and populations of a species from lower
latitudes will be better defended against herbivores than
species or populations from higher latitudes (Anstett
et al., 2016). Support for the LHDH has been found in
many studies, including a study in Asclepias species
(Rasmann and Agrawal, 2011). Within species, support for
the LHDH has been inconsistent (e.g., Kooyers et al., 2017;
Baskett and Schemske, 2018). This inconsistency may be
related to differences in the environmental conditions
across the species' range. For instance, in Artemisia
californica, water availability increases with increasing
latitude, which may explain why the LHDH holds in this
species (Croy et al., 2022). On the other hand, in Mimulus
guttatus, the prevailing resource gradient does not track the
latitudinal gradient, leading to large differences in selective
pressure throughout the species' range and the failure of the
LHDH (Kooyers et al., 2017). Another source of
inconsistency may be strong population structure (i.e.,
limited gene flow between populations). When gene flow
between populations is limited and populations occupy
distinct habitats, populations may evolve different defensive
strategies, which may result in different levels of support for
the LHDH within and across populations.

Plants are defended in myriad ways. One important type
of defense is physical defense, which includes any trait that
makes a plant's tissues harder to eat, break down, or digest
(Coley and Barone, 1996; Moles et al., 2013). Unlike
chemical defenses, which are often highly variable between
species, many physical defenses are common across and
within plant species (Moles et al., 2011b; Farmer, 2014).
This ubiquity makes physical defenses good candidates for
assessing the LHDH. Among grasses, one major physical
defense is silica, which is deposited in leaves as abrasive
bodies that can wear down the teeth or mandibles of
chewing herbivores and can be estimated by measuring leaf
ash (McNaughton et al., 1985; Moles et al., 2011b). Another
important physical defense is leaf toughness, which makes
leaves more difficult for herbivores to consume (Pérez‐
Harguindeguy et al., 2013). Leaf toughness can be estimated
by measuring leaf mass per area (LMA)—the ratio of dry
leaf mass to single‐sided leaf area (Onoda et al., 2011). As an
indication of the importance of these physical defenses, a
recent large‐scale community‐level study showed that plant

species from higher latitudes possessed higher LMA and leaf
ash, which is contrary to the LHDH (Moles et al., 2011b).

It is not uncommon for relationships that hold across
broad groups of species, like the LHDH, to fall apart within
species (Agrawal, 2020), often because single species rarely
occupy sufficiently broad gradients to reconstitute the driver
of the across‐species relationship. But, among widespread
species exhibiting adequate phenotypic and genetic diver-
sity, these relationships are sometimes detectable. Moreover,
because evolution actively occurs within populations of
species, the evolution of defensive strategies is most readily
discernible within populations. Within‐species studies also
allow researchers to use quantitative genetic methods to
better understand how defensive strategies evolve (Lynch
and Walsh, 1998; Anderson and Mitchell‐Olds, 2011). One
way to leverage quantitative genetics is to grow plants from
diverse localities in a common environment where genetic
effects can be isolated from environmental effects, which
can be confounded when studies are performed in situ
(Anstett et al., 2015; Kooyers et al., 2017; Napier et al., 2023).
In this way, it is possible to quantify the amount of genetic
variation present in traits, which is necessary, but not
sufficient for predictable evolution to occur (i.e., heritability;
Lynch and Walsh, 1998; Mackay, 2001). An important
source of covariation between functionally related traits is
shared genetic architecture—when two distinct traits are
encoded by the same gene or by genes in close proximity,
traits are typically inherited together (i.e., genetic correla-
tion). Genetic architecture can constrain the rate of
phenotypic evolution when conflicting selective pressure
acts on multiple traits (Walsh and Blows, 2009). But when
selection also favors these genetically correlated traits,
evolution can proceed rapidly (Lynch and Walsh, 1998;
Walsh and Blows, 2009). For instance, Parker et al. (2012)
quantified heritability and genetic correlations among root
and shoot chemical defenses in Oenothera biennis to
conclude that sufficient genetic variation existed in root
chemical defenses to facilitate the continued evolution of
resistance to herbivory.

Both heritability and genetic correlation define aggre-
gate genetic effects, which may be the sum of offsetting
genetic contributions. For instance, one genetic locus may
contribute positively to the relationship between two traits,
while another could contribute negatively, potentially
leading to offsetting effects that would not be detectable in
genetic correlations. To understand the particular genomic
regions that contribute to these traits and trait combina-
tions, genetic mapping approaches are valuable
(Mauricio, 2001; Anderson et al., 2011). In particular,
genome‐wide association (GWA) mapping assesses the
statistical relationship between single nucleotide polymor-
phisms (SNPs) and a trait of interest (Tibbs Cortes
et al., 2021).

Given the important role of genetics in herbivory
resistance (Anderson and Mitchell‐Olds, 2011), discrepancies
in the LHDH could be addressed well with species that
occupy a broad range of habitats and have well‐understood
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genomic architecture, as is present in the widespread
C4 grass Panicum virgatum L. (Poaceae). In this study, we
used a diverse group of resequenced P. virgatum genotypes
coming from three genetic subpopulations to examine
latitudinal gradients in herbivory defense (Figure 1). We
measured two physical resistance traits—LMA and leaf ash—
hypothesized to confer resistance to herbivory by generalist
fall armyworm caterpillars (Spodoptera frugiperda J.E. Smith)
in the field and in lab‐based feeding assays. We addressed five
questions: (1) Does herbivory increase with latitude of origin
across and within subpopulations? (2) Is there genetic
variation underlying physical resistance traits and measures
of herbivory? (3) Do high LMA and leaf ash reduce
herbivory? (4) Are measures of herbivory positively geneti-
cally correlated with one another? (5) Which genomic
regions are associated with physical resistance traits and
measures of herbivory?

MATERIALS AND METHODS

Plant system

Panicum virgatum is native to North America, where it is an
ecologically important component of mesic grasslands, and
is a potentially economically important candidate bioenergy

crop (Casler, 2012; Lovell et al., 2021). It occurs in three
genetic subpopulations—Midwest, Atlantic, and Gulf—that
differ in size and leaf morphology: the Midwest has small,
thin leaves; the Atlantic has slightly larger, broad leaves; the
Gulf has the largest, and typically thickest, leaves
(Casler, 2012; Lovell et al., 2021). These subpopulations
also differ in foliar nitrogen (N) content and susceptibility
to foliar fungal pathogens. The Midwest ecotype, which
occurs at higher latitudes, has higher N content and is
substantially more susceptible to fungal disease than the
Gulf ecotype, which occurs at lower latitudes (Aspinwall
et al., 2013; Heckman et al., 2020; VanWallendael
et al., 2020). These characteristics make P. virgatum an
ideal system to explore the relationship between physical
traits of leaves and resistance to herbivory.

The P. virgatum genotypes used in this study came
from seed and rhizome collections from natural occur-
rences throughout the eastern and central United States
(Figure 1; Lovell et al., 2021). These genotypes came from
all three genetic subpopulations identified by Lovell et al.
(2021) and spanned a latitudinal range of 18.5 degrees
(26.87°–45.38° N). Of the genotypes, 335 were of known
latitude of origin and 48 lacked a precise origin. Plants
were acquired between 2010 and 2018. All plants were
propagated at the University of Texas at Austin's Brack-
enridge Field Lab (Austin, Texas, USA). Specifically, all

F IGURE 1 Map showing origins of P. virgatum genotypes from three genetic subpopulations, that have limited geographical overlap. Genotypes were
propagated at the University of Texas at Austin, then planted at a common garden (CG) in Temple, Texas, United States. Points have partly transparent
filling; darker shading indicates that more genotypes come from the same or nearby locations.
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plants—whether collected as seed or rhizome—were grown
in 18.9‐L pots until they had produced enough tillers to be
divided. The crown of each plant was then divided; one
clone of each plant was transported to the U.S. Department
of Agriculture Grassland Soil and Water Research Lab in
Temple, Texas, USA and planted in May 2018. Both the
site of propagation and the site of this study were in the
region primarily occupied by the Gulf subpopulation.
Because all propagation was clonal, the plants in this
experiment were genetically identical to the original seed
or rhizome. Thus, no adaptive changes in plants were
possible. Plants were randomly arranged in a honeycomb
pattern with 1.56‐m spacing. The field was 45 × 42 m and
covered in landscape fabric (Sunbelt 3.2 oz, DeWitt,
Sikeston, MO, USA) to reduce competition from weeds.
In total, our study comprised 398 individual plants. To
prevent edge effects, we planted a row of plants of the
upland P. virgatum cultivar Blackwell around the field.

Lovell et al. (2021) describe the methods for sequencing
and annotating the P. virgatum genome, assigning plants to
genetic subpopulations, and resequencing efforts to geno-
type the plants included in this study. Briefly, the P.
virgatum genome was sequenced using a genotype of the
cultivar Alamo (AP13). Then, all genotypes used in this
study were resequenced using Illumina HiSeq X10 and
Illumina NovaSeq 6000 paired‐end sequencing (2 × 150 bp)
and mapped to the genome reference (bwa‐mem; Li and
Durbin, 2009). After filtering for missing data and minor
allele frequencies (>0.05), we retained 10.0 M SNPs to
generate an additive genetic relationship matrix and to
perform association mapping (described below).

Fall armyworm biology

In this study, we examined resistance to herbivory in
P. virgatum using the generalist herbivore Spodoptera
frugiperda (fall armyworm). We focused on S. frugiperda
for several reasons. First, we observed extensive natural
S. frugiperda herbivory within our experimental planting,
and S. frugiperda has successfully fed upon P. virgatum in
experimental studies (Dowd and Johnson, 2009; Nabity
et al., 2011; Nabity et al., 2012; Dowd et al., 2013; Schuh
et al., 2018). Second, they are a generalist chewing herbivore
and have served as a model for generalist herbivory in
numerous ecological and evolutionary studies (e.g., Travers‐
Martin and Müller, 2008; Moreno et al., 2009; Erb
et al., 2011). As such, their biology is well known, and
caterpillars are commercially available. Third, S. frugiperda
is a species of emerging concern in agricultural systems
worldwide. Recently S. frugiperda has spread to maize, rice,
and other important crops in East Asia, causing significant
damage (He et al., 2021; Sun et al., 2021). As with most
lepidopterans, the larval stage of S. frugiperda feeds
extensively on leaf tissue (Capinera, 2002). These caterpil-
lars grow through six larval instars before pupation
(Deshmukh et al., 2021).

Leaf collection

Separate leaves were collected to measure physical leaf
resistance (LMA and leaf ash) and to quantify herbivory by
caterpillars in lab‐based feeding trials (described below). For
both purposes, we selected one young, fully emerged leaf
that lacked visible pathogen or herbivore damage from each
of several tillers per plant. Among the large number of
leaves per plant that met these criteria and were representa-
tive of the canopy as a whole, 5–10 leaves were randomly
selected. Leaves were cut at their base and placed in a test
tube with distilled water within 10 min. Cut leaves remained
in a cool, dark location for at least 4 h to ensure that they
were all adequately rehydrated.

Physical leaf resistance traits

We measured two traits hypothesized to act as physical
defenses against herbivory: leaf mass per area (LMA, the
ratio of dried leaf mass to fresh leaf area; Pérez‐
Harguindeguy et al., 2013) and leaf ash (a proxy for silica
content; Moles et al., 2011). High LMA is often associated
with increased resistance to herbivory (Hanley et al., 2007;
Moles et al., 2011b; but see Heckman et al., 2019), while
silica is particularly important for herbivory resistance in
grasses (McNaughton et al., 1985; Hartley and
DeGabriel, 2016). Leaf area was measured using the
single‐sided leaf area of five young, fully emerged leaves
from each plant using a leaf area meter (LI‐3100; LI‐COR
Biosciences, Lincoln, NE, USA). The leaves were then dried
at 60°C for 48 h and weighed. Because measuring silica can
be expensive and difficult, leaf ash—the inorganic com-
pounds remaining after combustion—can be used as a
proxy (Moles et al., 2011b). To calculate leaf ash, we ground
dried leaves to a fine powder (Geno/Grinder 2010, Spex
Sample Prep, Metuchen, NJ, USA), then 0.400 g (±0.001 g)
of ground leaf tissue was combusted in a muffle furnace at
500°C for 12 h (Thermo Lindberg/Blue M Moldatherm,
Thermo Scientific, Asheville, NC, USA). Leaf ash is the
proportion of sample mass remaining after combustion.
While leaf ash can be considered a proxy for silica content
due to the high silica content of many grasses—including P.
virgatum, where ash can be half to two‐thirds silica
(Lanning and Eleuterius, 1983, 1987)—ash includes many
inorganic compounds, including potassium, calcium, and
magnesium.

Feeding trials with laboratory caterpillars

Fall armyworm caterpillars were purchased from a commer-
cial lab (Benzon Research, Carlisle, PA, USA) and reared at
25–27°C on a corn‐based food medium with a 16‐h light/8‐h
dark photoperiod under 340 lumen lights. These caterpillars
came from a laboratory strain developed by the U.S.
Department of Agriculture in Mississippi and have been
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reared to remain genetically consistent over generations.
There is moderate genetic differentiation between this
laboratory strain and field populations in the United States
(Schlum et al., 2021). Once the caterpillars reached the
third–fourth instar, we placed each caterpillar into an empty
Petri dish with a small droplet of water. We sealed the Petri
dishes with parafilm and returned them to the same light and
temperature conditions.

After the caterpillars were starved for 18–24 h, we began
nonchoice feeding trials. First, each caterpillar was weighed,
and only individuals with a starved mass between 0.08 and
0.16 g were used. Second, to each dish with a caterpillar, we
added several drops of water and 40–50 cm2 of leaf tissue
(2–6 leaves per plant) for which we recorded the exact area
added, then sealed the dishes with parafilm and returned
them to the climate‐controlled room for ~48 h. No
caterpillars consumed all the leaves during the feeding trial.
Third, at the end of the 2‐d feeding trial, we reweighed each
caterpillar and placed the unconsumed leaf tissue in a
resealable plastic bag with a damp paper towel to rehydrate
in a refrigerator for 3 days. We measured the area of the
unconsumed leaf tissue with a leaf area meter (LI‐3100).
Any caterpillar that pupated within 2 days of the feeding
trial was removed from further analysis.

We quantified two measures of herbivory in the lab—
leaf mass consumed and change in caterpillar mass. Leaf
mass consumed was the product of LMA and leaf area
consumed; change in caterpillar mass was the ratio of mass
gained (or lost) during the feeding trial to initial mass.
Because the caterpillars in this trial were from a laboratory
strain exhibiting limited genetic variation (Schlum
et al., 2021), change in caterpillar mass was driven, at least
in part, by the plant tissue they consumed. Thus, we
consider change in caterpillar mass to be a plant trait.

Field herbivory

In this genetic mapping population of P. virgatum, we
measured natural herbivory in October 2018 that occurred
as a result of an invasion of S. frugiperda in the preceding
weeks. We estimated the percentage of canopy defoliation
on each plant in 2% intervals from 1% to 5% defoliation,
then by 5% intervals from 5–99% defoliation (i.e., 1%, 3%,
5%, 10%, 15%, etc.). The field and lab portions of this study
used the same plants. Thus, if field herbivory, which
occurred in fall 2018, induced an increase in chemical or
physical defenses, the increase could have impacted the
leaves used in the subsequent lab feeding trials.

Data analyses

All statistical tests were performed using R version 4.3.1
(R Core Team, 2023). We first tested the LHDH by
evaluating the effect of mean‐centered latitude of genotype
origin (a continuous variable for each genotype) on each

measure of herbivory (leaf mass consumed, change in
caterpillar mass, field damage) across all genotypes and
within genetic subpopulations (a grouping variable with three
levels: Atlantic, Gulf, Midwest). We further examined the
LHDH by characterizing differences in physical resistance
traits (LMA, leaf ash) and herbivory measures among the
three geographically separated genetic subpopulations. We
then evaluated the effects of mean‐centered and variance‐
standardized physical resistance traits on each measure of
herbivory. We used the lm() function for these analyses. Each
model except field damage included several potentially
confounding covariates: the identity of the leaf collector,
initial caterpillar mass and the square of the initial caterpillar
mass (to control for linear and nonlinear effects of caterpillar
mass on herbivory), and an offset for the length of the feeding
trial, which varied between 47.76 and 48.79 h. We performed
post hoc comparisons of the three genetic subpopulations
using the emmeans package (Lenth, 2022).

To estimate narrow‐sense heritability (h2) and genetic
correlations between each pair of traits (rg), we used a linear
mixed modeling approach (i.e., animal model; Wilson
et al., 2010) with the sommer package (Covarrubias‐
Pazaran, 2016). Each model included an additive genetic
relationship matrix as a random effect, which was calculated
using the VanRaden method (VanRaden, 2008; Lovell
et al., 2021). Specifically, for each pair of plants, the
similarity at each locus (here, SNPs) was calculated,
weighted by the minor allele frequency of the locus, and
summed across loci. Based on this method, relatedness
between individuals that share a rare variant will be higher
than relatedness between individuals that share a common
variant. Here, incorporating a genetic relationship matrix
into the model allowed us to statistically account for an
important source of non‐independence—additive genetic
relatedness among genotypes—which can be used to
partition variance and covariance in traits between genetic
and other sources (Lynch and Walsh, 1998; Wilson
et al., 2010). In univariate models, narrow‐sense heritability
was the ratio of additive genetic variance to total phenotypic
variance. In multivariate models, the genetic correlation
between each pair of traits was the ratio of genetic
covariance between traits to the square root of the product
of their additive genetic variances (Wilson et al., 2010). We
calculated the significance of genetic correlations with a
likelihood ratio test comparing a model in which the genetic
covariance between the traits was freely estimated to a
model in which the genetic covariance was fixed at 0. For
both h2 and rg, standard errors were calculated using the
delta method (vpredict() function in package sommer).

We performed GWA mapping for all traits (switch-
grassGWAS package; Lovell et al., 2021). Each GWA model
included 10.0M biallelic SNPs and accounted for population
structure by incorporating up to 10 principal components of the
SNP matrix as covariates. We adjusted the P‐values of these
hypothesis tests using a 10% false discovery rate (Storey and
Tibshirani, 2003). We identified candidate genes for each trait as
those genes within 10 kb of a significant SNP.
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Within each type of analysis, we only included plants
with measured values for all responses and predictors (i.e.,
complete cases), but the number of plants differed across
analysis types. For quantitative genetic analyses (i.e.,
heritability, genetic correlation, and GWA), we averaged
across individuals within genotypes before analysis for the
small number of genotypes that were replicated within our
common garden. Similarly, 48 genotypes lacked a known
latitude of origin. Thus, those genotypes were omitted from
analyses examining latitude of origin, but were retained
elsewhere. Moreover, field damage was measured on some
genotypes that lacked other measurements. For univariate
analyses of field damage, we retained all genotypes, but
removed those genotypes from genetic correlations. Finally,
because this study was performed in the Gulf region, the
climate could differ substantially from the typical environ-
ments of Atlantic and Midwest genotypes. These differences
may result in maladaptive plasticity among genotypes from
the Atlantic and Midwest subpopulations, which would be
difficult to isolate statistically from adaptive genetic
variation using this design.

RESULTS

Does herbivory increase with latitude of origin
across and within subpopulations?

The relationship between latitude of genotype origin and
resistance to herbivory was inconsistent. Across all genotypes,
caterpillars gained more mass when feeding on higher‐latitude
genotypes (P < 0.001; Appendix S1, Table S1A) and field
damage was greater on higher‐latitude genotypes (P < 0.001;
Appendix S1, Table S1B); both results are consistent with the
LHDH. However, there was no latitudinal gradient in leaf
mass consumption overall (P = 0.910; Appendix S1,
Table S1C), which is contrary to the LHDH. Within genetic
subpopulations, these latitudinal trends were also inconsistent.
Caterpillars gained more mass on higher‐latitude genotypes
within the Atlantic (P < 0.001) and Midwest (P = 0.012)
subpopulations, but not in the Gulf subpopulation
(P = 0.149; Figure 2A; Appendix S1, Table S2A). Moreover,
the latitudinal trends in the Atlantic and Midwest subpopula-
tions were significantly more positive than in the Gulf
subpopulation (P < 0.001 and P = 0.012, respectively; Appen-
dix S1, Table S3A). Higher‐latitude genotypes experienced
more field leaf damage in the Atlantic subpopulation
(P = 0.007), but there was no effect of latitude on field leaf
damage in the Midwest and Gulf subpopulations (P = 0.807
and P = 0.160, respectively; Figure 2B; Appendix S1,
Table S2B). This latitudinal trend in the Atlantic sub-
population was significantly more positive than in the Gulf
subpopulation (P = 0.012), but did not differ from the Midwest
subpopulation (P = 0.784; Appendix S1, Table S3B). Unlike
the other two measures of herbivory, there was no latitudinal
gradient in leaf mass consumption within subpopulations
(P = 0.580; Appendix S1, Tables S1C, S2C, S3C), which is

inconsistent with the LHDH. These results indicate that the
latitudinal gradients in herbivory observed here are driven by
a combination of differences among subpopulations and
within‐subpopulation latitudinal trends.

Is there genetic variation underlying physical
resistance traits and measures of herbivory?

Both physical resistance traits and two of the three measures
of herbivory differed among genetic subpopulations
(Appendix S1, Table S4). Three of these responses exhibited
a similar relationship—LMA was higher and field leaf
damage and change in caterpillar mass were lower in the
Gulf subpopulation than in the Atlantic and Midwest
subpopulations, which suggests that LMA contributes to
defense against herbivory (Figure 3; Appendix S1, Table S5).
Leaf ash and leaf mass consumed both exhibited a similar
relationship, albeit with different degrees of statistical
significance. Leaf ash was highest and leaf mass consumed
was lowest in the Midwest subpopulation; leaf ash was
lowest and leaf mass consumed was highest in the Atlantic
subpopulation. While subpopulation differences were highly

A

B

FIGURE 2 Relationship between latitude of origin and (A) change in
caterpillar mass, (B) field damage separately by P. virgatum genetic
subpopulation. Latitude of origin is mean‐centered (mean = 0); measures
of herbivory are mean‐centered and variance‐standardized (mean = 0,
standard deviation = 1). Fit lines are only plotted for significant
subpopulation‐level effects.
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significant in leaf ash (P < 0.001; Figure 3B; Appendix S1,
Table S5B), in leaf mass consumed, Midwest plants
experienced only marginally lower leaf mass consumption
than Atlantic plants (P = 0.074; Figure 3E; Appendix S1,
Table S5E).

Heritability also differed considerably among physical
resistance traits and measures of herbivory. Among physical
resistance traits, LMA was more heritable than leaf ash
(h2 = 0.761 ± 0.139 and h2 = 0.340 ± 0.158, respectively),
although both traits had high heritability. Among the
measures of herbivory, field leaf damage (h2 = 0.840 ± 0.110)
and change in caterpillar mass (h2 = 0.489 ± 0.169) were
more heritable than leaf mass consumed in the lab
(h2 = 0.054 ± 0.061).

Do high LMA and leaf ash reduce herbivory?

Each physical resistance trait was negatively associated with
at least one measure of herbivory (Appendix S1, Table S6),

indicating that these traits provide herbivore resistance. Leaf
mass per area generally had a larger impact on herbivory
than leaf ash, but impacts of LMA and leaf ash differed
considerably among subpopulations. Caterpillars gained less
mass on high‐LMA plants across all genotypes (P < 0.001)
and within the Atlantic and Midwest subpopulations
(P < 0.001 and P = 0.003, respectively; Figure 4A; Appen-
dix S1, Table S7A), but not in the Gulf subpopulation
(P = 0.980). Similarly, field leaf damage was lower on high‐
LMA plants across all genotypes (P < 0.001), but this
relationship was not significant within any subpopulations
(P > 0.10 for all subpopulations; Figure 4B; Appendix S1,
Table S7B).

Unlike LMA, leaf ash was not associated with caterpillar
mass gain across all subpopulations (P = 0.218) or within
the Gulf and Midwest subpopulations (P = 0.204 and
P = 0.111, respectively; Appendix S1, Table S6). Only in
the Atlantic subpopulation did caterpillars gain less mass on
high‐ash plants (P = 0.004; Figure 4C; Appendix S1,
Table S7A). Moreover, leaf ash was negatively associated

A B

C D

E

F IGURE 3 Relationship between P. virgatum genetic subpopulation and (A, B) leaf resistance traits and (C–E) measures of herbivory. Shared letters
indicate no significant differences among genetic subpopulations. Estimates are model‐derived after accounting for technical covariates. Error bars represent
95% confidence intervals.
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with field leaf damage (P = 0.028), but this effect was only
marginally significant within the Gulf subpopulation
(P = 0.099) and nonsignificant within the other subpopula-
tions (P > 0.35 for each subpopulation; Figure 4D; Appen-
dix S1, Table S7B). Finally, caterpillars consumed margin-
ally more leaf mass in the lab on low‐ash plants across all

genotypes (P = 0.053), but not within any subpopulation
(P > 0.1 for all subpopulations; Figure 4E; Appendix S1,
Table S7C).

Genetic correlations largely mirrored the phenotypic
results in their direction of effect, although only a few
genetic correlations were statistically significant (Table 1).

A

B

C

D

E

F IGURE 4 Relationship between physical leaf resistance traits (LMA, leaf ash) and three measures of herbivory separately by P. virgatum genetic
subpopulations. All variables are mean‐centered and variance‐standardized (mean = 0, standard deviation = 1). Fit lines are only plotted for significant
subpopulation‐level effects.
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These results indicate that LMA was a stronger contributor
to herbivore resistance than leaf ash. LMA was negatively
genetically correlated with both change in caterpillar mass
(rg = –0.315) and field leaf damage (rg = –0.140), indicating a
potential role of LMA in resistance to herbivory. The
relationship between leaf ash and measures of herbivory was
mixed: leaf ash was negatively correlated with change in
caterpillar mass (rg = –0.289) and slightly positively corre-
lated with field leaf damage (rg = 0.110). Finally, LMA and
leaf ash did not significantly genetically covary (rg = 0.215),
which is consistent with the fact that the two leaf resistance
traits were genetically correlated with different measures of
herbivory.

Are measures of herbivory positively genetically
correlated with one another?

One possible explanation for the inconsistent results across
different measures of herbivory was that they were not always
positively related to one another genetically (Table 1).
Change in caterpillar mass was positively correlated with
field leaf damage (rg = 0.472) and with leaf mass consumed
(rg = 0.464). Field damage, though, was uncorrelated with leaf
mass consumed (rg = –0.019).

Which genomic regions are associated with
physical resistance traits and measures
of herbivory?

Genome‐wide association mapping with a 10% false‐
discovery rate threshold detected significant SNPs associ-
ated with all three measures of herbivory. Specifically, we
found genomic regions associated with field damage across

8 of 18 chromosomes (Figure 5A; Appendix S2). There were
24 genes within 10 kb of a significant SNP, including a gene
that functions in cation exchange (Pavir.3KG265695)
and a gene that functions in pentatricopeptide expression
(Pavir.9NG254200). At the more relaxed 15% false discov-
ery rate threshold, there were also genes associated with
ATP‐citrate lyase (Pavir.5NG212200) and nitrate reductase
1 (Pavir.6KG411500). Five genomic regions were associated
with leaf mass consumed (Figure 5B; Appendix S2),
including a gene for TGACG motif‐binding factor 6
(Pavir.9NG610300) and a gene for defensin‐like peptides
(Pavir.1KG388800). One SNP was associated with change in
caterpillar mass (Figure 5C; Appendix S2). This SNP had
two nearby candidate genes: AUX/IAA transcriptional
regulator family protein (Pavir.5KG064800) and protein
phosphatase 2A regulatory B subunit family protein
(Pavir.5KG064900). Among the SNPs associated with
different measures of herbivory, none colocalized on the
same region of a chromosome, indicating a lack of evidence
for any single molecular function determining multiple
aspects of herbivory (i.e., no evidence for pleiotropic effects
were detected). Unlike the three measures of herbivory,
there were no SNPs significantly associated with LMA.
Moreover, only one genomic region was associated with leaf
ash (Pavir.4KG048905; BAH domain containing protein;
Appendix S1, Figure S1; Appendix S2).

DISCUSSION

These results improve our understanding of the LHDH by
highlighting differences in the way that latitudinal gradients
in herbivory operate among and within subpopulations.
When all genotypes were considered together, results were
largely consistent with the LHDH—caterpillars gained more
mass on and caused more damage in the field to higher‐
latitude P. virgatum genotypes (Moles et al., 2011a; Anstett
et al., 2016; Baskett and Schemske, 2018). Subpopulation
comparisons also supported the LHDH—the northernmost
subpopulation (Midwest) generally experienced more her-
bivory than the southernmost subpopulation (Gulf).
However, the LHDH was far less consistent within genetic
subpopulations of P. virgatum. One reason that hypotheses
like the LHDH can break down within species is that
populations of a species often occupy distinct habitat types
in different portions of their ranges rather than habitats that
form a smooth environmental gradient (Agrawal, 2020). In
P. virgatum, for instance, plants of the Gulf subpopulation
typically occur in mesic, lowland habitats, while plants of
the Midwest subpopulation typically occur in xeric, upland
habitats (Lowry et al., 2014; Lovell et al., 2021). These
subpopulations, which occupy different habitats across
relatively narrow geographic ranges, give rise to morpho-
logically distinct plants (Aspinwall et al., 2013; Lovell
et al., 2021). It is not surprising, then, that significant
within‐subpopulation trends were less common than trends
across the entire range of the species. In fact, the most

TABLE 1 Genetic correlations between leaf resistance traits and
measures of herbivory. Genetic correlations (rg) were calculated from a
multi‐response model with the additive genetic relationship matrix as a
random effect. Standard errors (SE) were calculated using the delta
method. P was calculated by comparing the full model to a model in which
rg was fixed at zero using a likelihood ratio test.

Trait pair rg SE χ2 P

Leaf ash, change in caterpillar mass –0.289 0.305 1.323 0.250

Leaf ash, field leaf damage 0.110 0.254 0.261 0.610

LMA, change in caterpillar mass –0.315 0.222 2.946 0.086

LMA, field leaf damage –0.140 0.176 0.800 0.371

Leaf ash, LMA 0.215 0.265 0.693 0.405

Change in caterpillar mass,
leaf mass consumed

0.464 0.499 1.132 0.287

Change in caterpillar mass,
field leaf damage

0.472 0.194 7.981 0.005

Leaf mass consumed,
field leaf damage

–0.019 0.490 <0.001 0.994
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consistent within‐subpopulation evidence for the LHDH
occurred in the Atlantic subpopulation—the subpopulation
with the largest latitudinal extent and the most phenotypic
variation.

Two leaf resistance traits, LMA and leaf ash, had
impacts on herbivory, which often differed among sub-
populations. Physical leaf defenses are often very important
in grasses, a group in which chemical defenses are
frequently less prevalent (McNaughton et al., 1985;
Tscharntke and Greiler, 1995). Leaf mass per area is often
positively correlated with mechanical properties that make
leaves difficult for chewing insects like S. frugiperda to tear,
including in P. virgatum (Schuh et al., 2018). Here, LMA
was substantially higher in the Gulf subpopulation than in
the other subpopulations; however, LMA was not signifi-
cantly associated with herbivory in the Gulf subpopulation.
Perhaps this lack of an association was driven by the
generally low levels of herbivory seen on Gulf plants—Gulf
leaves exhibited relatively little variation in LMA and may
have been so difficult to consume that discernable trends
were absent. The negative genetic correlation between LMA
and change in caterpillar mass suggests that in addition to
increasing leaf toughness, LMA may also impose a
secondary barrier to herbivory—indigestibility—which pre-
vents the herbivore from assimilating leaf tissue into body
mass (Farmer, 2014). The importance of LMA as a deterrent
to herbivory is clear, though, across subpopulations: high‐

LMA plants had considerably lower change in caterpillar
mass and field damage at both the phenotypic and genetic
levels.

Similarly, leaf ash, a proxy for silica content, is often an
important determinant of resistance to herbivory (Moles
et al., 2011b). Silica is a major contributor to leaf toughness
and some chemical defenses (Nabity et al., 2011; Hall
et al., 2019). Here, leaf ash was negatively associated with
leaf mass consumed, but unlike LMA, it was not negatively
associated with change in caterpillar mass. These results
suggest that increased silica could present a physical barrier
to chewing leaves, but not a barrier to caterpillars getting
nourishment from eating the leaves. Thus, both traits may
act in complementary ways to influence different aspects of
resistance to herbivory (Agrawal and Fishbein, 2006).
Overall, the impact of leaf ash on herbivory was
inconsistent, especially within subpopulations. These results
may have been partly related to the inducibility of leaf silica.
If field herbivory induced additional production of chemical
or physical defenses (Massey et al., 2007), it could have
impacted the leaves used in the subsequent lab feeding
trials. Induced silica production could potentially explain
the unexpected significant phenotypic relationship between
leaf ash (measured in 2019) and damage in the field
(measured in 2018), which was contrary to other studies in
P. virgatum (e.g., Nabity et al., 2011). In our study, the
Midwest plants had the highest leaf ash in 2019 and the

A

B

C

F IGURE 5 Manhattan plots showing the association between single nucleotide polymorphisms (SNPs) and (A) field leaf damage, (B) leaf mass
consumed by caterpillars in the lab, and (C) change in caterpillar mass in the lab. Each point represents a SNP; location of each point along the x‐axis
represents its physical position on the chromosome. The dashed line represents a genome‐wide 10% false discovery rate threshold; SNPs above this line have
a significant statistical association with the phenotype (–log10 P). “K” and “N” on chromosome labels denote the subgenome from which each chromosome
of the allotetraploid P. virgatum originated. SNPs for which –log10 P < 1 were not plotted.
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highest field damage in 2018. Thus, it is possible that the
high heritability of leaf ash in this study resulted partly from
the induction of silica uptake in the Midwest plants that had
experienced heavy herbivory the previous year (Reynolds
et al., 2012). Given the extremely high heritability associated
with field damage (h2 = 0.840), an entirely inducible
response to herbivory, primarily in the Midwest sub-
population, could have been observed as highly heritable.
Follow‐up studies could examine genetic correlations in leaf
ash between individuals that varied in exposure to
herbivory.

Our inconsistent support for the LHDH can be partly
attributed to differences in the ways that we quantified
herbivory. For instance, lab‐based feeding trials can be
rigorously controlled (e.g., duration, environmental condi-
tions, herbivore mass, or developmental stage), but often lack
realism, especially in no‐choice assays (Boyd, 2007). On the
other hand, field observations represent natural conditions, but
can lack experimental rigor (Bergelson et al., 2021; Howard
et al., 2022). In field studies, extraneous factors that can impact
herbivory, like environmental stress, previous pathogen
infection, or location within a field, can be difficult to control.
One result that highlights the importance of examining
multiple aspects of herbivory was the amount of Gulf
subpopulation leaf mass that caterpillars consumed in the
lab. In most other measures, the Gulf subpopulation had
extreme values relative to the other genotypes, yet caterpillars
consumed similar amounts of leaf mass across subpopulations.
This suggests that herbivores may consume more tissue from a
low‐quality leaf and still not perform as well as they would
when consuming less tissue from a highly nutritious leaf
(Mattson, 1980; Berner et al., 2005; La Pierre and Smith, 2016).
If given a choice, it is likely that the caterpillars—or ovipositing
female moths in the field—would choose more nutritious
genotypes (Jaenike, 1978; Gripenberg et al., 2010; but see Rojas
et al., 2018). This hypothesis is consistent with our field
damage results: one candidate gene associated with field
damage (at the 15% false discovery rate threshold) is related to
nitrate reductase 1 (Pavir.6KG411500), which can increase leaf
protein (Davenport et al., 2015).

The decision of which leaves to consume may have
population‐ and community‐level consequences (Crawley, 1989;
Fine et al., 2004; Koerner et al., 2018). Plant genotypes that are
more nutritious will also increase the rate at which caterpillars
develop and increase their size at pupation, both of which
should increase the growth rate of the herbivore population
(White, 1974; Coley et al., 2006). Larger herbivore populations
may then impose stronger top‐down regulation on plant
populations (Hairston et al., 1960; Crawley, 1989), which
suggests that caterpillar performance was the most ecologically
relevant measure of herbivory in our lab‐based feeding trial.
Moreover, change in caterpillar mass and field damage were
positively genetically correlated and both provided evidence
that the Gulf genetic subpopulation was more resistant to
herbivory than either the Midwest or the Atlantic sub-
population. Taken together, the combination of field and lab
observations can provide valuable insight and a fuller picture of

the relationship between plants and herbivores (Pérez‐
Harguindeguy et al., 2003).

Impact of herbivory defense on bioenergy
utility

In addition to being an important component of North
American grasslands, P. virgatum is also a candidate bioenergy
crop (Casler, 2012). In a bioenergy crop, high resistance to
herbivory is often desirable, but when traits that confer
resistance to herbivory also reduce the efficiency with which
biomass is converted into ethanol, they could limit biofuel
production (Jakob et al., 2009; Buanafina and Fescemyer, 2012).
For instance, high leaf ash tends to reduce the efficiency of
biomass conversion to biofuels (Monti et al., 2008; Lacey
et al., 2016). On the other hand, evidence suggests that leaf
toughness does not impact enzymatic degradation for biofuel
production (Zhang et al., 2015; Głazowska et al., 2018). Thus,
selecting for low‐ash genotypes that exhibit high resistance to
herbivory through another mechanism would be a promising
approach. Several candidate genes that were associated with
different measures of herbivory contribute to molecular
mechanisms of plant defense. For instance, pentatricopeptide
expression (Pavir.9NG254200) is involved in the jasmonic acid
defense pathway in rice (Guo et al., 2015), while protein
phosphatase 2A regulatory subunit B (Pavir.5KG064900)
impacts susceptibility to aphid herbivory in Arabidopsis
thaliana (Rasool et al., 2014). Because these pathways are
not directly related to physical resistance, they may reduce
herbivory without also reducing conversion efficiency.

CONCLUSIONS

This study contributes to the findings of several recent studies
that have identified discrepancies in the LHDH within species,
showing that broad hypotheses about defense investment may
be less applicable at this level (Anstett et al., 2014; Kooyers
et al., 2017). Specifically, here we found that latitudinal
gradients in defensive strategies may operate differently among
and within subpopulations of P. virgatum. This lack of
consistency with the LHDH within genetic subpopulations
may result from our choice of resistance traits—leaf ash and
LMA contributed to different aspects of resistance to herbivory
in P. virgatum—as well as the different ecological conditions
and evolutionary histories of the three genetic subpopulations
of P. virgatum. An important goal moving forward, then,
should be to identify the conditions under which the LHDH
and similar hypotheses are valid within species or closely
related higher taxa to better understand the factors driving the
evolution of defensive strategies.
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