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Physical defenses and herbivory vary more within plants
than among plants in the tropical understory shrub
Piper polytrichum
William C. Wetzel and Mariah H. Meek

Abstract: There is a growing appreciation that much of the trait variation within plant species is represented
within individuals, for example, occurring among leaves within a plant. Subindividual variation is predicted to
have key ecological consequences, but empirical understanding of how subindividual variation relates to species
interactions, such as herbivory, is limited. We measured two physical defenses and herbivore damage on multiple
leaves within individual plants of Piper polytrichum C.DC. (Piperaceae), a tropical understory shrub. We partitioned
variance among- and within-plants and quantified patterns of trait and damage variation vis-à-vis leaf size and
architectural position. We found that variance was considerably higher within plants than among plants for
toughness (97%) and trichome density (57%), and that herbivore damage also varied most within plants (74%).
Surprisingly, leaf position and size explained only small amounts of variance in traits (2.5%–16.5%) and herbivory
(≤4%), indicating subindividual variability had low spatial predictability. The data suggest that individual
P. polytrichum plants represent heterogeneous and spatially unpredictable landscapes of physical traits, and that
interactions with herbivores are similarly variable. Our results are consistent with the hypothesis that subindi-
vidual variability defends plants against herbivores by increasing the difficulty of foraging for high-quality tissue.

Key words: intraspecific trait variation, herbivory, Piper polytrichum, Piperaceae, plant defense, plant subindividual
variability.

Résumé : On reconnaît de plus en plus qu’une bonne partie de la variation d’un caractère au sein d’une espèce
végétale est reproduite au sein des individus, entre les feuilles d’un plant, par exemple. La variation subindividu-
elle est présumée avoir des conséquences écologiques clés, mais la compréhension empirique de la façon dont la
variation subindividuelle est liée aux interactions entre les espèces, comme dans l’herbivorisme, est limitée. Les
auteurs ont mesuré deux moyens de défense physiques et le dommage provoqué par les herbivores sur plusieurs
feuilles de plants individuels de Piper polytrichum C.DC. (Piperaceae), un arbuste tropical de sous-bois. Ils ont séparé
la variance entre les plants et à l’intérieur des plants, et quantifié les patrons de variation du caractère et du
dommage en fonction de la taille des feuilles et de leur position architecturale. Ils ont trouvé que la variance était
considérablement plus élevée à l’intérieur des plants qu’entre les plants en ce qui concerne la robustesse (97 %) et
la densité des trichomes (57 %), et que le dommage provoqué par les herbivores variait aussi davantage à l’intérieur
des plants (74 %). Étonnamment, la position et la taille des feuilles n’expliquaient qu’une faible partie de la
variance quant aux caractères (2,5 – 16,5 %) et à l’herbivorisme (≤4 %), indiquant que la variabilité subindividuelle
présentait une prévisibilité spatiale faible. Les données suggèrent que les plants individuels de P. polytrichum
offrent un panorama hétérogène et spatialement imprévisible de caractères physiques et que leurs interactions
avec les herbivores sont similairement variables. Ces résultats sont cohérents avec l’hypothèse voulant que la
variabilité subindividuelle défende les plants contre les herbivores en accroissant la difficulté de la recherche de
nourriture à partir de tissus de haute qualité. [Traduit par la Rédaction]

Mots-clés : variation de caractère intraspécifique, herbivorisme, Piper polytrichum, Piperaceae, défense des végétaux,
variabilité subindividuelle d’un plant.
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Introduction
Over the past two decades there has been a surge of

appreciation for the ecological importance of intraspe-
cific trait variation, typically thought of as variation
among individuals within a species (Bolnick et al. 2011).
Plants are no exception to this trend: recent meta-
analyses indicate that intraspecific trait variation can
constitute up to 50% of the total trait variation found
across entire plant communities (Messier et al. 2010;
Siefert et al. 2015). For plants, however, a small and grow-
ing number of studies show that more than half of the
total trait variation within species occurs not among in-
dividuals, but instead among homologous organs within
plants (Herrera 2009). For example, 74.7% of the variation
in pubescence within sessile oak (Quercus petraea) occurs
spatially within individual trees rather than among indi-
viduals or populations (Bruschi et al. 2003). Such fine-
scale variability means that an insect interacting with a
plant could experience most of the entire range of a
species’ intraspecific trait variation without ever leaving
an individual plant. Plant variability has a variety of po-
tential effects on insects, including reducing perfor-
mance or altering population dynamics via nonlinear
averaging (Karban et al. 1997; Wetzel et al. 2016) or time-
sensitive, physiological effects (Koussoroplis et al. 2017;
Pearse et al. 2018); altering insect movement behavior via
resource concentration or dilution effects (Root 1973;
Underwood et al. 2014); and increasing the susceptibility
of herbivores to predators via increased movement
(Schultz 1983a) and the costs of repeated re-acclimation
(Wetzel and Thaler 2016). Despite our understanding of
the potential effects of subindividual plant variation and
the growing number of empirical studies quantifying
subindividual variability, our empirical understanding
of the ecological consequences of subindividual variabil-
ity lags behind (Herrera 2009).

A key limitation in our understanding of the conse-
quences of subindividual plant trait variability is that
few studies have linked patterns of subindividual varia-
tion in plant defenses to species interactions, such as
herbivory. This is a major shortcoming in our under-
standing of plant–animal interactions because plant sub-
individual variability has been shown to be heritable in
some species, indicating that subindividual variability is
itself a phenotypic axis that may play an evolutionary
role (Herrera 2009, 2017; Herrera et al. 2017; Alonso et al.
2018). In one of the few field examples of how subindi-
vidual variability influences an antagonistic interaction,
Shimada et al. (2015) showed that granivorous mice pre-
ferred to forage from oak trees (Quercus serrata) with high
variability in seed mass and low variability in seed
tannin content, indicating that among-seed variability
could be a key trait mediating granivory. Surprisingly,
very little research has examined this type of relation-
ship for leaf traits and herbivory by folivores. This dearth
exists despite the growing number of studies showing

subindividual leaf variability and the many studies show-
ing insects discriminate among leaf types within plants
(Whitham 1978; Faeth 1991; Herrera 2009). Moreover,
studies spanning multiple plant species have shown that
dispersed herbivore leaf damage is less costly to plants
than concentrated damage (Marquis 1992, 1996; Meyer
1998), suggesting that subindividual trait variability
could benefit plant fitness simply by spreading out her-
bivore feeding. Field data on how subindividual leaf trait
variability relates to the total amount of herbivory a
plant receives and the distribution of herbivory among
leaves within plants would advance our understanding
of the causes and consequences of subindividual leaf
variability for plant–herbivore interactions.

A second limitation in our understanding of how sub-
individual plant variability influences herbivory is that
virtually all studies on this topic to date have been con-
ducted in temperate systems (Herrera 2009, 2017), with
depauperate data from tropical plants. Past work on
within-plant patterns of defense in tropical plants has
focused on how defenses change with leaf ontogeny (e.g.,
Coley et al. 2005) but has not examined variance in traits
among leaves of a single ontogenetic stage or partitioned
variance into among- and within-plant components. This
is a key knowledge gap because plant–herbivore interac-
tions are often found to differ between tropical and tem-
perate systems (Coley and Barone 1996; Anstett et al.
2016). In temperate systems, subindividual variability
may benefit plants by “hiding” susceptible plant parts
among well-defended parts. Such a strategy may be less
effective in the tropics, where the relatively lower tem-
poral environmental variability and generally higher
herbivore densities (Salazar and Marquis 2012) may in-
crease the likelihood that herbivores find all susceptible
plant parts (Coley and Barone 1996), regardless of the
presence of subindividual variability. Alternatively, the
presence of stronger interactions between plants and
herbivores in the tropics could favor subindividual vari-
ability there to a greater degree than in the temperate
zone, if this variability reduces the fitness costs of her-
bivory to plants. Studies of subindividual plant variabil-
ity and herbivory in tropical systems would broaden our
understanding of the role of subindividual variability in
the ecology and evolution of plant defense, potentially
honing long-standing hypotheses that focus on tropical–
temperate comparisons but have hitherto overlooked
subindividual variability.

With these goals in mind, we quantified the within-
plant variability of three physical leaf traits in Piper
polytrichum C.DC. (Piperaceae), a tropical understory
shrub in Central America, and related this subindividual
trait variability to leaf damage by chewing insect herbi-
vores. Specifically, we focused on leaf toughness,
trichome density, and leaf size, and quantified traits
across leaves of different architectural positions. We
asked three main questions: (i) What is the relative
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amount of variance in traits and herbivory within and
among plants within a population? (ii) How are trait val-
ues and herbivore damage distributed spatially within
plants? (iii) What factors, including both trait means and
variances, explain the distribution of herbivore damage
within and among plant individuals?

Materials and methods
We studied P. polytrichum at the Organization for Trop-

ical Studies Las Cruces Biological Station outside San
Vito, Costa Rica (8°47=7==N, 82°57=32==W). Our site was
a premontane wet forest at around 1200 m a.s.l. Piper
polytrichum is found across Costa Rica and Panama, and
was common in the understory at Las Cruces. Past stud-
ies with other Piper species have shown that chewing
damage substantially reduces plant fitness (Marquis
1984) and that those reductions are smaller for dispersed
damage than for spatially concentrated damage (Marquis
1992; Riberiro Mello 2007). These results suggest that
subindividual trait variation in Piper could benefit plant
fitness if it induced herbivores to feed more variably
within plants. Those studies, however, did not compare
the magnitude of subindividual variance in herbivore
damage to the magnitude of among-plant variance or
relate herbivore damage to subindividual plant trait vari-
ance, limiting our understanding of how plant variabil-
ity influences variability in herbivory.

On 18 January 2015, we selected 23 individual P. polytrichum
plants (0.6–1.2 m height) along a transect through a sin-
gle population and measured four leaves per plant.
Within a plant, we started with the youngest fully ex-
panded leaf (≥40 mm in width) and continuing proxi-
mally through the second, third, and fourth youngest
fully expanded leaves within the same branch, giving us
four adjacent leaves in a sequence along a single branch.
Selecting leaves in this way let us look at how traits and
herbivory vary within the architecture of a plant, a vari-
able encapsulating multiple factors including leaf ontog-
eny, age, and vascular position. Our approach let us
quantify within-plant variability at a relatively fine scale,
a scale that is relevant for the many species of insect
herbivores that move among leaves on a plant as they
feed. Moreover, studies indicate that most subindividual
variance occurs within, rather than among, branches,
and that most subindividual variance occurs simultane-
ously on plants, rather than sequentially through time
(Herrera 2009). This suggests that we would not be miss-
ing significant trait variability by sampling leaves from
only one branch per plant at only one point in time. We
focused on fully expanded leaves because generally more
is known about differences between expanding and fully
expanded leaves than about variance within fully ex-
panded leaves (Coley 1980, 1983; Coley et al. 2005).

For each leaf, we recorded toughness, trichome den-
sity, leaf width, percent leaf area removed by chewing
herbivores, and leaf architectural position. Toughness

and trichome density are key traits that have been
shown in many plant species to be important defenses
against leaf-chewing herbivores (Levin 1973; Raupp 1985;
Hanley et al. 2007; Carmona et al. 2010). We measured
toughness three times per leaf: once in the middle of the
leaf (adjacent to but not touching the midrib), and half
way between the midrib and either leaf edge, avoiding
damaged tissue. We used a 600 g Pesola Medio Line
spring scale tipped with a 5 mm hexagonal nut (Pesola
AG, Schindellegi, Switzerland). We measured trichome
density by counting trichomes along a 2 cm transect lat-
itudinally across the widest part of the leaf using a hand
lens, again avoiding damaged tissue. Leaf size was the
leaf width at the widest point. Finally, we visually esti-
mated percent leaf damage from herbivory, which was
mainly from larval Lepidoptera and leaf beetles; we saw
no evidence of damage from leaf-cutting Hymenoptera,
leaf miners, or other herbivores with unique feeding
patterns.

We examined the relative amounts of within- and
among-plant variance in all four response variables in
three ways. First, we fit linear random effects models
(LMMs) for each trait with a random effect for plant iden-
tity using the ‘nlme’ package in R (Pinheiro et al. 2017;
R-Core-Team 2017). These models allowed us to partition
total trait variance across the population of plants to
among-plant and within-plant components. When parti-
tioning variance among scales, measurement error is
necessarily encompassed by the finest scale of observa-
tion. For leaf toughness, which is thought to have notable
measurement error, we used our multiple measurements
per leaf and included a random effect for leaf identity.
The leaf-level random effect isolated measurement error
from within-plant, among-leaf variance, moving it to the
within-leaf scale. Second and third, we calculated the
coefficient of variation and standard deviation for each
variable at each scale, as a complementary method to
quantify and compare variability. For all analyses we
checked for normality, log transformed trichome counts,
and square root arcsine transformed proportion of leaf
damage.

Second, we examined the within-plant distribution of
trait values (toughness, trichome density) and herbivore
damage in relation to leaf position and leaf size. We did
this using LMMs with leaf position or leaf width as fixed
effects and plant identity as a random effect. We tested
the hypothesis that the responses varied with leaf posi-
tion or leaf size by comparing each of these models to
respective intercept-only null models using likelihood
ratio tests (Bolker et al. 2009). For each model we sum-
marize the proportion of total variance explained by leaf
position and leaf size using marginal R2 values calculated
using the ‘piecewiseSEM’ package in R (Lefcheck 2016).

We searched for trait means and variances that pre-
dicted herbivore damage among and within individual
plants using random forests in the ‘randomForest’ pack-
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age in R (Liaw and Wiener 2002). For damage at the
among-plant scale, our response was mean herbivore
damage across the four measured leaves per plant, and
the predictors in our full model were the means and
standard deviations in toughness, trichome density,
and leaf width across the four measured leaves per plant.
For damage at the subindividual scale, our response was
herbivore damage on each leaf, and the predictors in our
full model were mean toughness of that same leaf across
the three within-leaf measurements, variance in toughness
across the three within-leaf measurements, trichome den-
sity, leaf position, and leaf width. We followed up the ran-
dom forest analyses by fitting bivariate linear models with
herbivore damage as the response and each of the above
predictor variables.

Results

Relative amount of among-plant and within-plant trait
variance

We found substantial variation in all traits and her-
bivory (Table 1). The variance partitioning analyses indi-
cated that more than half of all variance in each variable
measured occurred within, rather than among, individ-
ual plants. The trait with the greatest proportion of
within-plant variance was leaf toughness, for which a
remarkable 97.0% of variance occurred within individual
plants, with 32.6% occurring among leaves within plants
and 64.4% occurring among measurements within
leaves, leaving only 3% to represent differences among
plants (Fig. 1a). Slightly more than half of all variance in
trichome density (56.9%) and leaf width (60.9%) occurred
within plants (Figs. 1b and 1c). As with the phenotypic
traits, herbivore damage variability also occurred mostly
within plants; about twice as much variance in herbivory
occurred among leaves with plants (73.5%) as among
plants (26.5%) (Fig. 1d).

The variance partitioning analysis was largely con-
firmed by the standard deviations and coefficients of
variation at each scale (Table 1). These measures of vari-
ation were similar at within- versus among-plant scales
for all variables except leaf toughness, indicating about
half of the total variance occurred within plants. Vari-
ability in leaf toughness was considerably larger within
plants than among plants (CV = 17.4% vs. 10.4%), as it was
in the variance partitioning analysis.

Within-plant distribution of trait values and herbivory
We found that leaf architectural position explained

statistically significant but small proportions of variance
in leaf toughness and trichome density. Leaf position
explained 16.5% of the variation in toughness (�2 = 17.8,
df = 3, P < 0.01), leaving 83.5% of the variation in tough-
ness unexplained (Fig. 2a). Leaf position explained only
9.2% of the variation in trichome density (�2 = 17.8, df = 3,
P < 0.01) (Fig. 2b) and was not predictive of herbivory (�2 =
4.6, df = 3, P = 0.21, R2 = 3.6%) (Fig. 2c) or leaf size (�2 = 6.7,
df = 3, P = 0.083, R2 = 4.4%), although the most apical and
therefore youngest leaf tended to be smaller (Fig. 2d).
Leaf traits and herbivory were also not well explained by
leaf size. Leaf size only explained 2.5% of variation in leaf
toughness (�2 = 2.2, df = 1, P = 0.14), 9.0% of variation in
trichome density (�2 = 9.5, df = 1, P < 0.01), and 4.0% of
variation in herbivore damage (�2 = 3.2, df = 1, P = 0.075).

Predictors of herbivore damage
Plant means and among-leaf variances in leaf tough-

ness, trichome density, and leaf width were not predic-
tive of the total herbivory received by a plant. The
random forest analysis including these variables ex-
plained an estimated 0% of the variation in damage
among plants. Similarly, at the scale of individual leaves,
the random forest analysis with toughness, variance in
toughness, trichome density, and leaf width explained
an estimated 0% of the variation in damage among
leaves. Moreover, none of these individual variables sig-
nificantly predicted leaf damage at the plant scale in
general linear models or at the leaf scale in the bivariate
linear mixed models.

Discussion
Our results indicate that most of the variance in phys-

ical leaf traits in P. polytrichum occurs among leaves
within individual plants. Surprisingly, only small pro-
portions of the total subindividual variation in traits or
herbivore damage varied predictably within the archi-
tecture of a plant or with leaf size. Moreover, the distri-
bution of herbivore chewing damage among plants was
not predicted by plant-scale trait means or trait vari-
ances. Below, we compare the levels and patterns of sub-
individual trait variation in P. polytrichum with those
found in other plant species and discuss implications of

Table 1. Variability in leaf toughness, trichome density, leaf width, and herbivore damage at three scales in Piper polytrichum.

Toughness Trichomes Leaf width Herbivory

Source Var (%) � ± � CV Var (%) � ± � CV Var (%) � ± � CV Var (%) � ± � CV

Among plants 3.0 234.1±24.3 10.4 43.1 22.1±5.5 25.1 39.1 58.7±6.5 11.1 26.5 0.20±0.14 70.3
Within plants 32.6 ±40.2 17.4 56.9 ±5.0 22.9 60.9 ±6.2 10.8 73.5 ±0.14 76.6
Within leaves 64.4 ±44.2 19.7 — — — — — — — — —

Note: Var (%), percent variance in each variable attributable to each scale, estimated using random effects models (also shown in Fig. 1). Values
for � ± � are the raw mean and mean of standard deviations across units at each scale; � is the same across all scales and therefore is shown only
for the first scale (Among plants). Trichome Var (%) was calculated with log trichome density to achieve normality; � and the coefficient of
variation (CV) were left on the raw scale to aid interpretability. Values for Herbivory are arcsine transformed. Only Toughness was measured
repeatedly within leaves.
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our principal finding that subindividual variance in
traits and damage is both great in magnitude, and also
spatially unpredictable.

Subindividual trait variation
The high proportion (57%–97%) of subindividual vari-

ance that we found for toughness, trichome denity, and
leaf size in P. polytrichum is comparable to the results of
other studies that have partitioned plant trait variance
into within- and among-plant components. In a review of
such studies, Herrera (2009) found that an average of
70.2% of variance in a number of traits, including tough-
ness, leaf size, pubescence, and others, across the 16 tem-
perate species occurred within individuals. For example,
one of these studies found that in mountain birch (Betula
pubescens subsp. tortuosa) 88.0% of variance in toughness
occurred within plants (Suomela and Ayres 1994), sug-
gesting that it may be common for nearly all population-
level variance in toughness to be present within
individual plants. Such high values of subindividual vari-
ance in toughness are especially striking because both
our study and the Suomela and Ayres (1994) study only
measured traits on fully expanded leaves. Subindividual
variance in toughness would certainly be even higher if
measurements included expanding leaves, as the process
of leaf expansion necessarily constrains cuticular thicken-
ing (Aide 1993). The key point is that tropical P. polytrichum

has similarly high levels of subindividual trait variability
relative to previously studied, predominantly temperate
plant species.

A notable feature of subindividual variability from our
study and others is high variance in toughness even
within single leaves: sub-leaf variability constituted
64.6% of variance in our study and 46% of variance in the
previously mentioned study of mountain birch (Suomela
and Ayres 1994). Some of this within-leaf variance could
be random spatial variation, but much of it is likely due
to spatial patterns in toughness in relation to leaf struc-
ture. For example, leaf vein type and density are closely
linked to mechanical properties, such as laminar
strength (Kawai and Okada 2016), and such attributes of
venation typically vary between basal, distal, and mar-
ginal regions of leaves (Hickey 1973). Some of the within-
leaf variance is also likely due to measurement error, an
inseparable component of the finest scale of measure-
ment. However, even if one assumes that all within-leaf
variance is simply measurement error and excludes it
from estimates of subindividual variance, then subindi-
vidual variance in leaf toughness is still extremely high:
this would be, by our calculation, 91.6% of variance in
P. polytrichum and 77.8% of variance in the mountain birch
study (Suomela and Ayres 1994). Indeed, this finding con-
forms to studies of other plant traits, including second-

Fig. 1. Toughness (grams of force), trichome density (count per 2 cm), and herbivore damage (arcsine transformed
proportional area damaged) for four leaves per plant from 23 individual Piper polytrichum plants in a single population. (a, c,
and e) Points for each plant from the youngest fully expanded leaf (grey dots), second leaf (orange triangles), third leaf (blue
squares), and fourth leaf (green crosses). (b, d, and f) The results of variance partitioning to scales of among plants, within
plants, or within leaves for toughness, trichome density, and herbivore damage respectively. For toughness, there are
multiple measurements per leaf. [Colour online.]
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ary metabolite concentration, that show high within-leaf
variance in defensive traits (Shelton 2005).

Predictability of trait variation
We found that even though P. polytrichum had high

levels of subindividual leaf trait variability, a low propor-
tion of that variation (2.5%–16.5%) was predicted by leaf
position or leaf size. We examined these two key struc-
tural variables because they encapsulate leaf ontogeny,
vascular position, spatial position, abiotic conditions,
and other factors; however, our results suggest that

leaves located at different architectural positions or of
differing sizes, among fully expanded leaves, do not have
consistently different trait values. The relationship with
the highest predictability was leaf position, which ex-
plained 16.5% of variance in leaf toughness, with leaves
in the first nodal position (most distal, youngest) being
slightly less tough on average than leaves in positions
2–4. This suggests that chewing insects could, to a small
extent, increase their chances of selecting a supple leaf
by focusing their attack on distal fully expanded leaves;
however, there was substantial overlap (83.5%) in the
ranges of toughness of leaves across distal and basal po-
sitions, making leaf position a relatively poor predictor
of toughness and potentially making foraging difficult
for chewing herbivores. Other studies have found that
species may exhibit high (Herrera et al. 2015) or low
(Schultz 1983b) predictability in subindividual trait vari-
ance, but that unpredictable variation at fine scales is
often the dominant form of subindividual plant varia-
tion (Herrera 2009). Overall, P. polytrichum, seems to cor-
roborate this pattern of high, but unpredictable
subindividual leaf trait variation.

Implications of variability and unpredictability for
herbivory

One of the key implications from our trait results is
that insect herbivores feeding on P. polytrichum face as-
tounding spatial variability and unpredictability in leaf
traits at small scales. This observation is consistent with
the hypothesis that subindividual plant variability could
itself be a defensive phenotype against attack by insect
herbivores (Karban et al. 1997; Herrera 2009). This high
variability and low predictability also suggests that the
spatial unit relevant for plant–herbivore interactions
may not be the plant individual, but instead may be
patches of suitable tissue within individuals. Such fine-
scale trait variability, combined with its low predictabil-
ity across leaf position and size, likely makes foraging
more difficult for insect herbivores. Given that architec-
ture, leaf size, and factors correlated with them are key
cues available to chewing herbivores for leaf selection
during foraging, our results suggest that the weak rela-
tionship between leaf position, leaf size, and other vari-
ables may make finding the best leaf tissue difficult. If
high quality tissue were predictably distributed within
plants, then foraging herbivores would only need to
move directly to the locations that reliably have high
quality tissue. If high quality tissue were unpredictably
distributed within plants, as it is in P. polytrichum, then
herbivores would need to search more intensively, sam-
pling from multiple leaves or plants before finding
adequate tissue, thus wasting time and energy and
potentially consuming well-defended, toxic tissue dur-
ing the search. The uncertainty around the location, and
existence, of high-quality tissue during foraging, more-
over, could cause herbivores to settle for relatively low-

Fig. 2. Leaf toughness (a), trichome density (b), herbivore
damage (c), and width (d) as a function of leaf position in
Piper polytrichum. Position 1 is the youngest, most distal
fully expanded leaf, and positions 2–4 are the second
through fourth most distal fully expanded leaves. Each
gray point is one leaf, and the large orange points and
lines show the means and 95% confidence intervals
estimated from models taking plant into account. Damage
is arcsine transformed. [Colour online.]
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quality, well-defended tissue before finding high-quality,
undefended leaves, or to leave a plant altogether.

Linking patterns of trait variability to herbivore damage
Even though multiple studies have examined subindi-

vidual patterns of leaf trait variation, very few studies
have related these patterns to variance in herbivory. We
found that for leaf damage, the magnitude of subindi-
vidual variability and unpredictability was strikingly
similar to our results for leaf traits. A surprisingly high
amount (73.5%) of the total variance in herbivory oc-
curred among leaves within individual plants, rather
than among plants within the population. Moreover, nei-
ther leaf architectural position nor leaf size had signifi-
cant relationships with damage. These results are
consistent with the hypothesis that subindividual plant
trait variability makes foraging difficult for insect herbi-
vores, creating fine-grained patches of varying tissue
quality that cause herbivores to feed in a similarly heter-
ogeneous manner. Inducing herbivores to feed patchily
could directly reduce herbivore growth and survival via
costs associated with movement, sampling low quality
tissue, settling for low quality tissue due to lack of infor-
mation, and other factors. In addition, patchy feeding
could indirectly reduce herbivore survival by increasing
the vulnerability of herbivores to their predators. This
could occur because movement makes herbivores more
apparent to predators (Schultz 1983a), or because plant
variability forces herbivores to repeatedly acclimate
physiologically to plant tissue of differing quality. Accli-
mation requires time and energy and may constrain how
and when herbivores can defend against predators
(Wetzel and Thaler 2016).

There are at least three potential reasons why the dis-
tribution of herbivore damage in P. polytrichum was not
related to any of the leaf trait variables we measured, at
the leaf scale or at the plant scale (0% variance explained
in both random forest analyses). First, high subindi-
vidual plant trait variability and unpredictability may
make foraging so difficult or costly that the correlation
between tissue quality and feeding damage is broken or
weakened, causing herbivores to feed on tough, de-
fended tissue, while tender, less-defended tissue on the
same plant remains unused. This is essentially an exten-
sion of the more general hypothesis, discussed above,
that subindividual variability is difficult for insect herbi-
vores. This effect could arise through at least two mech-
anisms: insect sensory limitations, which may make
insects simply unable to find high quality tissue effec-
tively in complex environments (Bernays 1999, 2001); or
the high costs of moving among high quality patches,
such that it may be most efficient in variable plant envi-
ronments for insects to settle for mediocre tissue avail-
able locally, rather than pursuing the highest quality
tissue overall (Charnov 1976). If subindividual variability
negatively affected herbivore foraging these ways, we
would expect to see less damage on more variable plants,

which is not what we observed. Our ability to find a
relationship between subindividual variability and dam-
age, however, may have been limited because the mag-
nitude of trait variance was similar among most plants in
this population. Nonetheless, even if variability in defen-
sive traits does not reduce total herbivory, it could sim-
ply make herbivory variable within plants, which, as
discussed above, has been shown to reduce the fitness
costs of herbivory in other Piper species (Marquis 1992;
Riberiro Mello 2007). Indeed, we found 73.5% of the total
variance in herbivore damage occurred within plants.
Here, we did find that the scale at which plant traits are
most variable (the subindividual scale) was also the scale
at which herbivory was most variable, in coarse agree-
ment with this hypothesis.

A second potential reason for the weak relationship
between herbivore damage and plant traits is simply that
the traits we measured, leaf toughness and trichome
density, are of minimal importance to chewing herbi-
vores on P. polytrichum. Indeed, secondary chemistry is
known to be important for herbivory on other species in
the genus Piper (Richards et al. 2015; Glassmire et al. 2016)
and could be driving herbivory in P. polytrichum. Physical
traits, however, have been shown to be key predictors of
herbivory across many systems (Hanley et al. 2007;
Carmona et al. 2010). Trichome density, specifically, has
been shown to influence many specialist and generalist
chewing herbivores from different orders with different
life histories, and is itself often correlated with second-
ary chemistry (Levin 1973; Tian et al. 2012). Leaf tough-
ness has been shown to lead to mandibular wear and
slow feeding of chewing herbivores (Raupp 1985). Finally,
our finding that damage was not related to leaf size or
architectural position, which can be correlated with sec-
ondary chemistry and other traits of importance to in-
sect herbivores, further suggests that herbivores are
feeding patchily and potentially randomly with respect
to traits within plant individuals.

Third, the reason for the lack of clear relationship
between plant traits and herbivory could be that we can
only measure traits on remaining, unconsumed tissue.
In other words, it is possible that the tissue that was
consumed by herbivores, which we were unable to mea-
sure, had significantly different toughness and trichome
density than measured tissue. If this were true, it would
mean that our calculated values of subindividual trait
variance would likely be underestimates because her-
bivory would have obscured the extremes of toughness
and trichome density, by removing the extreme tissue
from the plant. Moreover, given the high within-plant
variance we found in herbivory, if this were true, it
would suggest that there would also be high subindi-
vidual variance in the presence of this hypothesized
high-quality tissue. If anything, this finding would fur-
ther support the notion that P. polytrichum has high sub-
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individual variance in quality and subsequently in
herbivory.

Conclusions
We found that most variance in physical leaf traits in a

tropical shrub occurred within individual plants. More-
over, this high level of subindividual variability was mir-
rored by patterns of leaf damage by chewing herbivores.
Subindividual trait variability could arise because it is
difficult for plants to build or maintain leaves without
variation among them. Alternatively, subindividual trait
variation could enhance plant fitness, incurring costs to
herbivores and (or) distributing herbivory in a less harm-
ful way, and be selected for and maintained across both
tropical and temperate systems. Subindividual plant
variation is potentially relevant across a multitude of
ecological and evolutionary contexts, and we advocate
for its consideration within the array of plant traits com-
monly considered drivers of plant–herbivore interac-
tions across ecosystems.
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