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Variability in plant nutrients reduces insect 
herbivore performance
William C. Wetzel1,2, Heather M. Kharouba2,3, Moria Robinson2, Marcel Holyoak4 & Richard Karban5

The performance and population dynamics of insect herbivores 
depend on the nutritive and defensive traits of their host plants1. 
The literature on plant-herbivore interactions focuses on plant 
trait means2–4, but recent studies showing the importance of plant 
genetic diversity for herbivores suggest that plant trait variance may 
be equally important5,6. The consequences of plant trait variance 
for herbivore performance, however, have been largely overlooked. 
Here we report an extensive assessment of the effects of within-
population plant trait variance on herbivore performance using 457 
performance datasets from 53 species of insect herbivores. We found 
that variance in plant nutritive traits substantially reduces mean 
herbivore performance via nonlinear averaging of performance 
relationships that were overwhelmingly concave-down. In contrast, 
relationships between herbivore performance and plant defense 
levels were typically linear, such that plant defense variance does 
not affect herbivore performance via nonlinear averaging. Our 
results demonstrate that plants contribute to the suppression of 
herbivore populations by having variable nutrient levels, not just 
by having low average quality as is typically thought. We propose 
that this phenomenon could play a key role in the suppression 
of herbivore populations in natural systems, and that increased 
nutrient heterogeneity within agricultural crops could contribute 
to the sustainable control of insect pests in agroecosystems.

Decades of research have established the importance of plant 
nutritive and defensive traits for herbivore performance and popula-
tion dynamics1. Recent studies, showing that plant genetic diversity 
influences herbivore community patterns, suggest that plants influ-
ence herbivores not just through average trait values but also through 
variance in trait values5,6. The literature on plant defenses and herbi-
vore nutritional ecology, however, focuses on mean relationships and 
mostly ignores the consequences of trait variance2,3. This is an over-
sight because intraspecific plant trait variance pervades natural systems, 
from among tissues within individuals to among individuals within 
populations4. In modern agroecosystems, however, plant functional 
diversity has been replaced by extensive homogeneous monocultures of 
single crop varieties or genotypes7. How the loss of trait diversity influ-
ences higher trophic levels and ecosystems services like pest control is 
unexplored relative to how much is known about the consequences 
of genetic diversity8,9. Elucidation of the direct effects of variability 
in plant defensive or nutritive traits on herbivore performance would 
inform management of agroecosystems—perhaps revealing new ways 
to use crop heterogeneity for sustainable pest management—and 
advance our fundamental understanding of plant-insect interactions. 
Here we test for general patterns in the effects of plant trait variance 
on herbivore performance using 457 datasets relating plant traits to 
herbivore growth and survival for 53 species of phytophagous insects 
from seven orders.

Plant variance could influence herbivores in several ways, includ-
ing reducing the opportunity for herbivore populations to adapt 

evolutionarily to plant defenses10. We focused on the ecological effects 
that occur via nonlinear averaging, a general phenomenon that poten-
tially applies to all species and has been used successfully to under-
stand diverse biological phenomena11,12. In this context, nonlinear 
averaging—also known as Jensen’s inequality13—allows us to predict 
the effects of plant variance on mean herbivore performance using the 
curvature of the relationship between plant trait values and herbivore 
performance (Fig. 1). If the function relating herbivore performance to 
a plant trait is concave-down (decelerating), then herbivore populations 
experiencing variance in that trait will have lower mean performance 
relative to herbivores experiencing constant levels of the trait at the 
same trait mean3. In contrast, variance enhances mean performance 
when herbivore performance functions are concave-up (accelerating). 
When performance functions are linear, plant trait variance has no 
effect. Three reviews have attempted to generalize the effects of plant 
trait variance on herbivore performance by visually assessing and  
categorizing the curvature of herbivore performance functions in pub-
lished studies3,4,11. They came to contradictory conclusions, perhaps 
because they had small sample sizes (<​ 12 studies) and lacked objective 
methods for quantifying curvature.

We found 76 papers published between 1968 and 2014 that allowed 
us to estimate herbivore performance functions (Supplementary 
Tables 1 and 2; Extended Data Fig. 1). These papers reported growth 
or survival of herbivores at ≥​ 4 values of a plant trait. Our search only 
included studies that directly manipulated trait values in a laboratory 
setting (e.g., via artificial diet, or applying compounds to plant surfaces) 
to avoid inclusion of spurious correlations. We estimated a performance 
function for each dataset with a cubic spline (e.g., Fig. 2, A and B). 
The spline from each dataset allowed us to quantify the effect of trait 
variance on herbivore performance, specifically the difference in per-
formance in the presence and absence of plant trait variance (Jensen’s 
effect). We predicted performance in the absence of variance using the 
value of the performance function at the mean of the plant trait levels 
in the dataset. We predicted performance in the presence of variance 
using the mean of the values of the performance function at each of the 
trait levels (Extended Data Fig. 2). This approach assumes the original 
authors chose trait levels reflective of trait distributions encountered by 
herbivore populations in nature. Indeed, many studies reported field 
data justifying their range of values. In nature the magnitude—but not 
the sign—of Jensen’s effect will depend on the plant trait distribution 
and resource selection behavior; however, even herbivore populations 
with highly selective resource behavior will experience plant variance 
due to costs and limits of discrimination and intraspecific competition4.  
We tested sensitivity of our conclusions to the shape of the trait distri-
bution by repeating the entire analysis assuming uniform and Gaussian 
distributions.

First, we asked how the consequences of plant trait variance for  
herbivore performance differed for plant defensive traits (e.g., concen-
trations of toxic secondary metabolites) versus plant nutritive traits 
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(e.g., protein concentration). Physiological theory predicts the rela-
tionship between nutritive traits and herbivore performance should be 
concave-down14–17 (Fig. 2D), but makes less clear predictions about the 
relationship between defensive traits and performance18,19 (Fig. 2C). 
Despite the centrality of this question to insect physiology and broader 
theory in plant-insect interactions, we know of no other quantitative 
analyses of shapes of empirical performance curves.

We found that relationships between plant nutrients and herbivore 
growth and survival were consistently concave down, whereas rela-
tionships between plant defenses and herbivore growth and survival 
were close to linear on average. The curvature of nutrient-performance 
relationships led the experimentally-generated variability in nutrients 
to reduce mean herbivore growth by half a standard deviation rel-
ative to plants with a similar mean nutrient value but zero nutrient 
variance (Jensen’s effect [95% CI] =​ -0.49 [-0.62, -0.35]) (Fig. 3A). 
The mean effect of nutrient variance was more than half a standard 
deviation more negative (-0.55 [-0.66, -0.44]) than the mean effect of 
defense variance, which was near zero (0.063 [-0.055, 0.18]; χ​21 =​ 92.6,  
P <​ 0.0001). This difference suggests there is less influence of variance 
in plant defenses on herbivore performance compared to variance in 
nutritional content. Mirroring the results for growth variables, studies 
of herbivore survival had negative Jensen’s effects for nutritive traits 
(-1.41 [-2.29, -0.53]) and effects near zero (linear) for defensive traits 
(0.28 [-0.24, 0.81]; χ​21 =​ 19.2, P <​ 0.0001) (Fig. 3B).

These results indicate that there are consistent constraints on herbivore  
physiology that lead to concave-down nutrient-performance relation-
ships (Fig. 3, D and F) and depressed growth and survival in the face 
of plant nutrient variability (Fig. 3 A and B). This finding supports the 
theoretical prediction that performance for most consumers increases 
with nutrients but then plateaus due to diminishing returns, or even 
declines at high nutrient levels due to nutrient toxicity14,17. In contrast, 
the generally linear declines in performance with increasing levels of 
plant defense indicate that defense variability has little effect on herbi-
vores via nonlinear averaging (Fig. 3, C and E). This finding contradicts 
recent predictions about the ubiquity of hormesis—beneficial, stimu-
latory effects of low doses of toxins18—or indicates that hormesis may 
occur only at lower doses than were tested by studies in our sample. 
It also indicates that defense thresholds, above which herbivore per-
formance declines precipitously, are uncommon, which implies that 
increasing plant investment in a given defense will consistently decrease 
herbivore performance.

Second, we asked how these relationships differed among herbivore 
species with different resource-selection behaviors. Because the conse-
quences of plant variance for an herbivore population depend not only 
on the shape of the herbivore performance function but also on the 
amount of plant variance the population encounters, we hypothesized 
that curve shapes might be different for herbivore species with differ-
ent mobility and host breath—two traits that influence how herbivore 
species encounter plant variance. We found, however, that mobility 
did not influence the patterns described above for growth (nutrients:  
χ​21 =​ 0.26, P =​ 0.61; defenses: χ​21 =​ 0.10, P =​ 0.75) and survival 
(defenses: χ​22 =​ 0.45, P =​ 0.80) (Extended Data Fig. 3). Herbivore host 
breadth also was not a significant predictor of Jensen’s effect for growth 
(nutrients: χ​21 =​ 1.04, P =​ 0.31; defenses: χ​21 =​ 0.18, P =​ 0.67) or survival  
(defenses: χ​21 =​ 1.25, P =​ 0.26) (Extended Data Fig. 4). Sample sizes 
were too small to test nutrient effects on survival. These results suggest 
that the shapes of nutrient and defense performance curves are funda-
mental constraints regardless of insect life history traits.

Our findings indicate that plants may contribute to the suppression 
of herbivore populations not only by having low average quality but also 
by having heterogeneity in nutrient levels. Concave-down nutrient- 
performance functions may be an important link between herbi-
vore physiology and the negative relationships commonly observed 
between plant diversity and herbivore density at ecosystem scales20. 
A key implication is that agroecosystems may experience outbreaks 
of herbivores because herbivore performance is elevated by artificially 

low plant heterogeneity, due to landscape simplification, reduced plant 
species diversity, and crops bred to minimize variation. Increasing 
heterogeneity in plant nutrients in agroecosystems may be a key step 
towards the sustainable control of insect pests. Plant nutrient het-
erogeneity could be increased by planting greater numbers of crop 
varieties21, by increasing genetic diversity within crop varieties, or by 
breeding varieties with elevated constitutive or induced nutrient var-
iance within plant parts attacked by insect pests.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 1 | An illustration of Jensen’s inequality. The shape of the 
relationship between herbivore performance and a plant trait influences 
the consequences of trait variance for mean performance (p) via nonlinear 
averaging or Jensen’s inequality. The left column (A,C,E) represents plant 
populations where all plants have one trait value and no variance (plants at 
one location on x-axis). The right column (B,D,F) represents populations 
with trait variance, where half of the plants have a high trait value and half 
have a low value (two plants on x-axis). The trait mean, however, is the 
same in the constant and variable populations. With any linear function, 
trait value changes result in proportional changes in performance. Mean 

herbivore performance is therefore equal in the absence or presence of 
variance (no Jensen’s effect; compare A,B). With nonlinear performance 
functions (C-F), however, trait value changes do not result in proportional 
performance changes, and mean performance will differ in the absence 
and presence of trait variance. When the relationship is concave-down, 
mean performance will be lower in the presence of trait variance (negative 
Jensen’s effect; compare C,D). When the relationship is concave-up, mean 
performance will be higher in the presence of trait variance (positive 
Jensen’s effect; compare E,F). Doubled-headed arrows show differences in 
mean performance with and without plant variance.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Figure 2 | Empirical and theoretical performance curves. Growth 
data from empirical studies and fitted growth curves for (A) Heliothis 
virescens (Lepidoptera: Noctuidae) across a range of levels of various 
plant secondary metabolites and (B) Helicoverpa zea (Lepidoptera: 
Noctuidae) across a range of levels of various plant nutrients. Data are 
standardized to zero mean and unit standard deviation. Red curves are 
significantly concave-down, blue ones are concave-up, and pink ones are 

linear. Different symbols denote different experiments. (C,D) Theoretical 
predictions for relationships between plant traits and herbivore 
performance. For simplicity, (D) shows one curve with an intermediate 
maximum, but curves that asymptote at high nutrients are also possible. 
Both shapes are concave-down and would result in negative effects of 
nutrient variability.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Figure 3 | The effect of variance in plant defensive and nutritive traits 
on herbivore growth (A) and survival (B). Each point is one herbivore 
species (N =​ 53), jittered for visibility. Diamonds and error bars show means 
and 95% confidence intervals. Growth effects are standard deviations. 
Survival effects are log odds-ratios. (C-F) The empirically-estimated  

functions that went into the analysis that yielded (A) and (B). Red curves 
are significantly concave-down (– Jensen’s effect). Pink curves are linear 
(0 Jensen’s effect). Blue curves are significantly concave-up (+​ Jensen’s 
effect). Curves are standardized to be on the same scale.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Methods
Literature search. We located papers with data relating plant traits to herbivore 
performance by conducting keyword searches in Web of Science up to September 
2014, collecting studies cited in relevant reviews,4,11,22 and searching papers known 
to the authors. Studies were included in our analysis if they met the following 
criteria: 1) a plant trait was experimentally manipulated and directly related to 
insect growth or survival; 2) at least four levels of the plant trait were established; 
3) for all continuous response variables, some estimate of variance in herbivore 
performance was provided (e.g., SE) along with the mean and sample size at each 
treatment level; 4) for binomial survival response variables, studies provided an 
initial number of individuals at each treatment level and a count, proportion, or 
percentage that survived; and 5) data on traits and herbivore performance could be 
retrieved from a table, figure, text, or supplement23. (See Supplementary Methods 
for additional methods.)
Data collection. From each suitable paper, we recorded species, plant traits, and 
herbivore growth and survival variables measured. We categorized plant traits as 
defenses or nutrients based on the original studies. (See Extended Data Fig. 1 for 
a summary of the database, including a list of all plant traits; see Supplementary 
Tables 1 and 2 for a list of the papers that met our criteria and a list of the herbivore 
species). For growth responses, we collected the mean and variability (e.g., SE) of 
the herbivore response and sample size at each level of the plant trait. For survival 
responses, we collected the initial number of herbivores and the count, proportion, 
or percent that survived at each level of the plant trait.
Effect calculation. We used a bootstrapping approach to calculate a distribution 
of Jensen’s effects for each empirical observation (Extended Data Fig. 2). Having a 
distribution of effects for each observation allowed us to estimate variance for each 
observation and quantify our uncertainty for each estimate. For survival responses, 
we used nonparametric bootstrapping. We resampled each survival dataset with 
replacement 10,000 times. We fit cubic splines to each bootstrap dataset using 
the mgcv package in R 3.2.424–26 and calculated a Jensen’s effect from each spline.  
We calculated Jensen’s effect as the log odds ratio of the mean of the predicted 
survival probabilities at each plant trait level and the predicted survival probability 
at the mean plant trait level. This measure, the log odds ratio, is widely used to 
express effect sizes in meta-analyses of response probabilities27. The log odds ratio 
is beneficial because it puts survival on the logit scale, which accurately represents 
survival as a multiplicative process.

For growth data, which were typically reported as means and standard errors 
at each plant trait level instead of raw data, we used parametric bootstrapping 
(Extended Data Fig. 2). We parameterized a log-normal distribution for herbivore 
growth at each level of the plant trait using the reported herbivore performance 
means and standard errors. We then drew values from each distribution until 
the length of our bootstrap response vectors equaled the sample sizes reported 
at each level of the plant trait. We repeated this procedure to obtain 10,000 boot-
strap datasets. Then we followed the curve fitting methods described above but 
first log-transformed the responses and then used a Gaussian error distribution.  
We calculated Jensen’s effect for growth by subtracting the predicted herbi-
vore performance for the mean level of the plant trait (the expected herbivore  
performance in the absence of plant trait variance) from the mean of the predicted 
herbivore performances at each plant trait level (the expected herbivore perfor-
mance accounting for trait variance and nonlinear averaging). We standardized this 
difference by dividing it by the standard deviation of the bootstrapped herbivore 
performances to enable comparison across studies. This measure thus expresses 
the effect of nonlinear averaging in terms of standard deviations of herbivore  
performance and is analogous to Hedges’ d, one of the most widely used meta- 
analysis effect sizes27. (See Supplementary Discussion: R Script for the computer 
scripts used in this analysis.)
Effect of Trait Distribution. Our approach assumes that the values of the plant 
traits tested by the authors of each study reflect the natural distribution of trait 
values. We believe this is justified because most authors stated that they chose trait 

levels representative of those in nature or provided data showing correspondence 
between natural trait means and variances and experimentally chosen trait levels.  
Regardless, we also repeated the entire analysis assuming two different trait 
distributions: a uniform distribution between the minimum and maximum of 
the plant traits tested by the authors, and a Gaussian distribution with a mean 
equal to the midpoint of the author-chosen doses and a standard deviation that 
aligned the maximum author-chosen dose with 0.975 of the Gaussian cumu-
lative probability function. The results were similar for each of the three trait 
distributions we tested, so in the main text we present the results based on the 
analysis that assumes a trait distribution defined by author-chosen trait levels. 
(See Supplementary Discussion for the results of the analyses with uniform and 
Gaussian distributions).
Statistical modeling. We tested our hypotheses using linear mixed effects models 
in the metafor package28 in R 3.2.429. The response variable was the mean of the 
Jensen’s effect distribution from each empirical dataset. We examined differences 
between variability in plant defensive and nutritive traits by fitting models with 
plant trait type (nutrient or defense) as an independent variable. We examined 
the effects of herbivore mobility and host-breadth by including mobility and host-
breadth as independent variables. We tested the significance of trait type, mobility, 
and host-breadth as predictors of Jensen’s effects using an omnibus test based 
on a chi-squared distribution. We used random intercepts for herbivore family 
and genus to account for potential correlations due to shared evolutionary history 
among genera within a family and species within a genus. We used this approach 
because a reliable phylogenetic tree does not exist for this diverse group of insects. 
We used an additional random intercept to account for the non-independence of 
multiple Jensen’s effects measured on the same species, and we included a ran-
dom effect for each observation following the standard practice of random effects 
meta-analysis30. Finally, the sampling variance of each observation was set equal 
to the estimated variance of the distribution of Jensen’s effects generated by our 
bootstrapping procedure. We explored differences in Jensen’s effect among insect 
orders and found them to be minimal (Supplementary Discussion: Results by 
Insect Order).
Publication bias. Publication bias was unlikely to be an issue in our analysis  
because we used data for a different goal than did authors of the original 
studies, none of whom estimated Jensen’s effects or curvature. Regardless, we 
explored the potential for publication bias graphically and found no evidence 
suggesting particular curve shapes were more likely to be published than 
others (Extended Data Figs. 5 and 6; Supplementary Discussion: Analysis of 
Publication Bias).
Data availability. Data used in the analysis have been deposited at http://dx.doi.
org/10.6084/m9.figshare.3792117.
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Extended Data Figure 1 | Graphical summary of database. Number of herbivore species per (A) order, (B) mobility of feeding stage, and (C) host breadth. 
Number of herbivore performance curves per (D) trait type, (E) defense class, (F) nutrient class, (G) date of publication, and (H) study sample size.
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Extended Data Figure 2 | Visual representation of quantitative methods. This diagram summarizes the bootstrapping algorithm used to calculate 
a distribution of Jensen’s effects for each empirical data set for herbivore growth. For more details and for differences in methods between growth and 
survival see Methods and Supplementary Methods.
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Extended Data Figure 3 | Jensen’s effects by plant trait type (defenses 
and nutrients) and mobility of the feeding stage. Defense variance had 
mean effects near zero and nutrient variability had generally negative 
effects regardless of the mobility of the feeding stage of the herbivore 
species. Species in the ‘plant’ category move within plant individuals but 
do not typically move between plants. Species within the ‘patch’ category 

readily move among neighboring host plants but do not typically move 
between patches. Species within the ‘region’ category commonly move 
among host plant patches. Each point is one herbivore species, jittered 
for visibility. Diamonds and error bars show means and 95% confidence 
intervals. See Supplementary Materials and Methods for more detail.
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Extended Data Figure 4 | Jensen’s effects by plant trait type (defenses 
and nutrients) and host-breadth. Defense variance had mean effects near 
zero and nutrient variability had generally negative effects regardless of the 
host breadth of the herbivore species. Oligophagous species (‘oligo’) feed 
on plant species in multiple genera but are restricted to one plant family. 

Polyphagous species (‘poly’) feed on plant species across two or more 
plant families. Each point is one herbivore species, jittered for visibility. 
Diamonds and error bars show means and 95% confidence intervals.  
See Supplementary Materials and Methods for more detail.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



ACCELE
RATED A

RTIC
LE

 P
REVIE

W
 

Letter RESEARCH

Extended Data Figure 5 | Funnel plots for (A) growth and (B) survival. The lack of a relationship between the sample size of a study and its Jensen’s 
effect suggests publication bias did not have a major influence on the results. Dashed line shows zero. Solid lines show linear regressions for growth 
(F1,248 =​ 0.23, P =​ 0.63, R2 =​ 0.0) and survival (F1,203 =​ 1.04, P =​ 0.31, R2 =​ 0.0).
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Extended Data Figure 6 | Jensen’s effect for each observation by the year of publication for (A) growth and (B) survival. The lack of temporal trends 
in Jensen’s effects suggests publication bias did not play a major role.
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