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Abstract. Plants use chemicals to respond to their environments. Despite the impact of competition on plant productivity, few studies consider 
how plant–plant competition affects phytochemistry; most phytochemistry studies focus on plant–consumer interactions. It therefore remains 
unclear how plants chemically respond to changes in both competition and consumer pressure. We used 1H-NMR spectroscopy to characterize 
the phytochemistry (both primary and secondary metabolites) of a C4 grass (Andropogon gerardi) and a legume (Lespedeza capitata) in a field 
experiment. Both species were grown with intraspecific or interspecific neighbours (monoculture or 16-species polyculture) with or without a 
combined fungicide + insecticide treatment (consumers reduced vs. consumers present) in a factorial design. We measured species 
aboveground biomass, healthy plant cover (NDVI) and phytochemistry in the four treatments to determine whether plants alter their biomass, 
phytochemistry, or both in response to neighbours and herbivory. Phytochemistry of A. gerardi did not vary with neighbour identity or 
consumers, in contrast to A. gerardi biomass, which was higher under interspecific competition and when consumers were reduced. 
Phytochemistry of L. capitata was also unrelated to consumer reduction, though L. capitata had higher NDVI under reduced consumers. 
However, L. capitata had lower biomass and exhibited phytochemical signs of metabolic stress (lower sugars and higher amino acid 
production) when grown with interspecific neighbours. Theory and empirical work have focused on coevolution with consumers as driving 
phytochemical variation, but our results suggest that—at community scales—the competitive environment may be more important than 
consumer pressure in determining short-term phytochemical responses of some species.
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Introduction
Plants produce a high diversity of primary and secondary me
tabolites, collectively ‘phytochemicals’ (Jones and Firn 1991, 
Endara et al. 2023). Plants use these chemicals to respond to 
consumers (Agrawal et al. 2012, Richards et al. 2015), mutu
alists (Bruce and Pickett 2011), competitors (Bais et al. 2006), 
and environmental stressors (Zobayed et al. 2007), which can 
all interact (Cipollini 2004, Schuman and Baldwin 2016). 
Phytochemistry varies at the level of individual plants as 
well as between populations and species. This variation can 
be in terms of composition (the types of chemicals present) 
and diversity (the number and evenness of chemicals present). 
Plants require the right phytochemicals to appropriately re
spond to local biotic and abiotic conditions, as investment 
into secondary metabolism is costly (Kessler and Kalske 
2018), and mismatches may impair plant survival (Massad 
et al. 2011). Understanding phytochemical responses to biotic 

and abiotic conditions is therefore vital for predicting plant 
community responses to scenarios of global change (Zhou 
et al. 2024).

Multiple drivers may affect phytochemical responses, but 
previous work has overwhelmingly focused on insect herbi
vores (e.g. Fig. 1a i–iii; Fraenkel 1959, Endara et al. 2023). 
Phytochemical diversity was originally theorized to be driven 
by coevolution with insects (Ehrlich and Raven 1964, 
Futuyma and Agrawal 2009). This viewpoint continues to 
dominate today, with every major hypothesis for phytochem
ical diversity involving consumers in some way (Wetzel and 
Whitehead 2020). Despite this theoretical focus on consum
ers, competition (e.g. allelopathy; Rice 1974, Ooka and 
Owens 2018, Fig. 1a vi) and resource availability also affect 
phytochemical concentrations and composition, both eco
logically (Hemming and Lindroth 1999, Hahn et al. 2021) 
and evolutionarily (Bryant et al. 1983, Coley et al. 1985, 
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Zandt 2007). To date, there have been few attempts to con
sider the interacting effects of consumers, competitors and re
source availability on phytochemical composition and 
diversity, with synthetic reviews typically focusing on only 
one driver (e.g. Latif et al. 2017, VanWallendael et al. 2019, 
Endara et al. 2023). This trend in the literature poorly reflects 
reality, where plants must simultaneously respond to multiple 
stressors and balance their phytochemical responses among 
them (Cipollini 2004, Fig. 1a). Individuals may exhibit within- 
plant trade-offs, where investment to withstand one stressor 
necessitates lower investment into other chemicals responding 
to other stressors, either by changing the concentrations of 
given chemicals or by changing the chemicals produced. 
Therefore, understanding overall phytochemical composition 
and resource investment in plants requires inspecting multiple 
factors simultaneously (Cipollini 2004, Agrawal 2007).

The interaction between plant neighbours and consumer 
pressure could be particularly influential. Interspecific neigh
bours can have direct effects on plant growth through compe
tition for resources (Fig. 1a iv), but also indirect effects 
through altering consumer communities (Fig. 1a v; Turner 
and Schweitzer 2024). These interactions can strongly affect 
plant biomass, as revealed in field experiments where plant re
sponses to herbivory (e.g. aboveground biomass, normalized 
difference vegetation index [NDVI]) varied with plant 

neighbourhood (Seabloom et al. 2018, Zaret et al. 2022). 
However, these studies did not examine phytochemistry, so 
it remains unclear if plant biomass changes caused by compe
tition–consumer interactions were also seen in phytochemical 
responses. For example, does phytochemistry indirectly vary 
with interspecific neighbours via the effect different plant spe
cies can have on consumers (Fig. 1a v → i), or do focal plants 
respond chemically to interspecific neighbours (Fig. 1a vi), or 
both? If induced changes are evident, do plants change the 
types of compounds produced (phytochemical composition), 
or the number of compounds produced (phytochemical diver
sity)? To our knowledge, whether the effects of interactions 
between plant competitors and consumers involve phyto
chemical changes has not been explored under field 
conditions.

Phytochemical composition varies among and within spe
cies, but theory suggests that different species should also re
spond in different ways to the same environment (Agrawal 
2007). For example, the carbon-nutrient balance hypothesis 
predicts that species with faster growth rates are better able 
to alter phytochemical investment by using induced rather 
than constitutive defences (Bryant et al. 1983). As variation 
among species influences both ecological and evolutionary in
teractions (Kessler and Kalske 2018, Glassmire et al. 2023), 
we need to understand whether different species in the same 

Figure 1 Summary of conceptual framework and experimental design. (a) Multiple drivers and their interactions affect focal plant growth and potentially 
phytochemical investment. (i) Attack from consumers like insect herbivores and fungal pathogens can stimulate induced defences, (ii) which plants 
use to maintain growth. (iii) Some plants invest mainly in constitutive defences, which mediate consumer impacts but do not change upon attack. 
(iv) Interspecific plant neighbours also affect focal plant growth directly or (v) indirectly through consumers. (vi) Neighbours could also directly stimulate 
inductive phytochemical changes. The holistic phytochemical response of plants involves within-plant trade-offs in response to these competing and 
potentially interacting pressures. Dotted line represents indirect effect. (b) Experimental design used in this study with the biomass and phytochemical 
response variables that we examined. We had plots for two focal species: Lespedeza capitata (legume) and Andropogon gerardi (C4 grass).
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community show different abilities to phytochemically re
spond to interacting stressors. However, little work has exam
ined intraspecific chemical responses of co-occurring species 
under field conditions. Buzhdygan et al. (2025) recently found 
that legumes and grasses were the two key functional groups 
driving energy dynamics in their study grassland, with le
gumes increasing herbivory among plant species in the com
munity and grasses reducing it. Grasses and legumes also 
show high variability in nutrient ratios both within and be
tween species (Borer et al. 2015), which could affect the 
type and quantity of phytochemicals they produce (Endara 
et al. 2023). Further, consumers and competitors interactively 
alter nutrient ratios of both grasses and legumes (Borer et al. 
2015). This evidence suggests that grasses and legumes may 
show diverging phytochemical responses to consumers and 
interspecific neighbours with potential consequences for eco
system dynamics. Legumes and grasses thus provide good 
models for testing if species’ responses differ. Here, we explore 
the possibility of species responding differently to biotic inter
actions using two grassland species: Andropogon gerardi (C4 
grass) and Lespedeza capitata (legume).

We use a 15-year-old grassland experiment (Fig. 1b), ma
nipulating intra- and interspecific neighbours (monocultures 
vs. 16-species polycultures) and reducing consumers (i.e. ar
thropods, foliar fungi, and soil fungi) to ask: 

1. Do plant biomass and phytochemistry both change with 
consumer reduction and neighbour identity, or are bio
mass and phytochemical responses decoupled? (Are rela
tionships between treatments and plant biomass 
mediated directly through pathways iii and iv, or phyto
chemically through pathways i and vi)?

2. Do A. gerardi (C4 grass) and L. capitata (legume) show 
consistent phytochemical responses to consumer pressure 
and plant neighbours? (Are the supported relationships in 
Figure 1a consistent between species from different func
tional groups)?

Species vary in their stoichiometry and aboveground re
sponse to consumer manipulation (Borer et al. 2015, 
Seabloom et al. 2018), but the extent to which this is reflected 
in their phytochemistry remains unclear. Our study thus pro
vides insight into how consumers and neighbours affect the 
phytochemistry of species under real-world conditions. We 
find pronounced interspecific variability in both underlying 
phytochemical composition and in responses to biotic change.

Materials and methods
Experimental design and sampling
The experiment is based within a large biodiversity experi
ment established in 1994 at Cedar Creek Ecosystem Science 
Reserve, Minnesota, USA (Fig. 1b). Cedar Creek has nitrogen- 
limited sandy soils, annual precipitation of ∼780 mm, and the 
mean annual temperature of 6.72°C (averaged from 1987 to 
2016 at Cedar Creek weather station). Replicate 9 m × 9 m 
grassland plots were planted with between 1 and 16 plant spe
cies, from a pool of 17 possible species of forbs, legumes, C3 
grasses, and C4 grasses. Regular weeding maintained planted 
diversity levels. Fences around the wider experiment excluded 
large mammalian herbivores. In 2008, experimental con
sumer manipulation subplots (1.5 m × 2 m) were established 
within these plots, reducing foliar fungi, soil fungi, and insect 

herbivores through the fortnightly application of pesticides. 
See Tilman et al. (2006) and Borer et al. (2015) for full experi
mental details.

We sampled A. gerardi and L. capitata leaves in the experi
mental plots from plants with either ‘intraspecific neighbours’ 
(monoculture: species occurring in single-species plots) or pre
dominantly ‘interspecific neighbours’ (polyculture: species oc
curring in 16-species plots). For each neighbourhood level, we 
sampled two levels of consumer manipulation: ‘consumers’ 
(no consumer manipulation) and ‘reduced consumers’ (all 
consumers reduced through the application of soil fungicide, 
foliar fungicide and foliar insecticide; Fig. 1b).

On 1 August 2023, in the early afternoon, we took three 
replicate leaf samples per treatment for each species (one rep
licate from each of three plots per polyculture, and three rep
licates from one monoculture plot, as there was only one 
monoculture per species), with samples taken 15 years after 
beginning the pesticide treatment. We sampled fully devel
oped leaves that did not show signs of fungal or insect damage 
from the length of the plant (Massad et al. 2017, Forister et al. 
2020), as induced defences are expressed in undamaged leaves 
as well as damaged leaves (Zandt 2007, Farmer 2014), and 
this strategy reduces variation in metabolite induction that 
may be caused by different levels of damage on damaged 
leaves (Moreira et al. 2025). Within these criteria, leaves 
were haphazardly sampled. Each sample for A. gerardi con
sisted of 4–5 leaves taken from a single plant, while each sam
ple for L. capitata consisted of 10–12 leaves taken from a 
single plant. In several cases, individual L. capitata plants 
were not large enough to provide the required 50 mg of dried 
leaf material for phytochemical analysis, and so leaves of 
comparable ages were taken from two nearby plants; there 
were no differences observed in the results between samples 
that used one or two plants. In total, we took 24 samples (2 
species × 2 neighbour identity treatments × 2 consumer 
treatments × 3 replicate plants).

Sampled leaves were dried at 60°C for 72 h, hand-ground to 
a fine powder using a pestle and mortar, and stored at room 
temperature until phytochemical extraction. This storage pro
cedure yields a comparable richness and total quantity of me
tabolites as freeze–drying samples (Khoo et al. 2015, Zolkeflee 
et al. 2021), enabling fine-scale characterization of phyto
chemical composition and abundance (Richards et al. 2015). 
Yields of lipid-soluble compounds may be reduced by oven 
drying (Khoo et al. 2015, Ling et al. 2015); we compensated 
for this by using multiple solvents to explicitly target lipid- 
soluble as well as aqueous-soluble compounds (see below).

Leaf damage and growth response to treatments
We assessed damage by foliar fungi and insect herbivores on 
our sampled plants by visually inspecting an additional five 
haphazardly selected leaves (approximately 30% of leaves 
for both species). Tissue removal (chewing damage) from 
the margin or interior of leaves as well as leaf miner tracks 
were counted as insect damage, while lesions, rust spots, 
and mildew were counted as fungal damage. We used the 
training programme and techniques described in Xirocostas 
et al. (2022) to ensure accuracy. Damage was calculated as a 
percentage of leaf removed/diseased, rather than absolute 
area, to account for different sizes of plants.

To test treatment effects on growth, aboveground 
biomass in each plot (from all species) was collected from a 

AoB Plants, 2025, Vol. 17, Issue 6                                                                                                                                                                        3
D

ow
nloaded from

 https://academ
ic.oup.com

/aobpla/article/17/6/plaf071/8380018 by Library (H
ancock) user on 27 January 2026



1 m × 0.1 m strip using handheld clippers. Biomass was col
lected on 1 August after leaf sampling, sorted to species level, 
dried to constant mass, and weighed to the nearest 0.001 g. 
We also calculated the NDVI based on measurements of re
flected radiation (reflectance) measured using an MSR5 multi
spectral radiometer (Cropspan, Inc.) on 13 September 2023 in 
the central 1.5 m2 area of each plot (avoiding clipped area). 
NDVI was calculated using the red (660 mm): near-infrared 
(830 mm) reflectance ratio and provides an estimate of cover 
that integrates over the whole plot, by broadly measuring 
‘greenness’ (Gu et al. 2007). It therefore provides an alternate 
measure of plant biomass that is less vulnerable to potential 
randomness than a small strip and has been previously used 
at this scale to represent productivity (Zaret et al. 2022). 
However, the contribution of individual species to NDVI can
not be determined. To confirm the effect of our treatments on 
plant biomass, we took biomass and NDVI measurements for 
all experimental plots. This corresponded to nine 16-species 
plots and seventeen monoculture plots (one per species, as 
monoculture plots were not replicated at the species level).

Phytochemical extraction
Our goal was to understand broad changes in phytochemical 
composition and diversity, so we took an untargeted 
1H-NMR approach to examine holistic changes in metabolite 
production, rather than targeting specific compounds. This 
approach accounts for potential within-plant phytochemical 
trade-offs; an approach that only studies one chemical com
pound or class may find that it goes up or down, but total 
phytochemical investment may remain unchanged (Agrawal 
2007). To capture as many phytochemicals as possible, we 
used multiple solvents to extract both aqueous-soluble and 
lipid-soluble phytochemicals. Although this wide-spectrum 
technique is uncommon, it builds a more complete picture 
of plant phytochemistry than more common approaches 
(Verpoorte et al. 2007).

We weighed 50 mg of each ground leaf sample and added 
1.6 ml of deuterated solvents (0.4 ml CD3OD; 0.4 ml phos
phate buffer in D2O containing 0.1% of internal standard tri
methylsilylpropanoic acid; 0.8 ml CDCl3). These solvents 
extracted both lipid-soluble and aqueous-soluble chemicals 
into separate fractions. The lipid-soluble fraction captured lip
ids and terpenoids, while the aqueous-soluble fraction cap
tured phenolics, flavonoids, amino acids, sugars, and most 
other classes of secondary metabolite, including some terpe
noids (Verpoorte et al. 2007). We had 48 extracts in total 
(24 samples × 2 phytochemical fractions per sample), which 
were analysed using 1H-NMR spectroscopy. Raw 1H-NMR 
spectra were binned into 0.05 ppm increments from 0.5 to 
9.5 ppm (aqueous fraction; 170 bins total) and from 3.3 to 
11.3 ppm (lipid fraction; 159 bins total), with values repre
senting the integral (area under the curve) in each bin. Data 
were pareto-scaled and normalized to a randomly chosen sam
ple in preparation for analysis using MetaboAnalyst 5.0, fol
lowing the protocol in Pang et al. (2021). For full details of 
phytochemical extraction and spectral acquisition, see 
Supplementary Methods S1: Phytochemical extraction.

Statistical analysis
All statistical analyses were carried out in R v4.1.1 (R Core 
Team 2021). See Supplementary Code S1. Note that for 

both species, the monoculture replicates are drawn from one 
plot, as there was only one monoculture plot per species.

Leaf damage and growth responses to treatments
We tested for the effect of consumer manipulation, plant 
neighbours, and their interaction on total plant damage using 
two-way ANOVA, as well as in separate analyses for fungal 
damage and insect damage. Damage rates were transformed 
(log10[damage + 1]) to meet assumptions.

To generally explore how treatments affected NDVI and 
aboveground biomass, we tested for the effect of consumers, 
neighbour identity, and their interaction using two-way ana
lysis of variance (ANOVA), for all plots in the wider experi
ment. We also compared the specific values of NDVI for A. 
gerardi and L. capitata monoculture plots between consumer 
treatments and compared the biomass of A. gerardi and L. 
capitata between consumer versus reduced consumer and 
intraspecific versus interspecific neighbourhood treatments. 
We did not carry out formal statistical analysis for our focal 
species comparisons, as there is only one monoculture plot 
per species, and we only looked at monoculture plots for 
NDVI as the contribution of individual species to NDVI can
not be determined in polyculture. For the biomass response, 
we compared the total biomass of our focal species (i.e. not 
standardized to the per-plant level) to capture population- 
level patterns.

Phytochemical differences between species
All the following analyses were performed separately for the 
aqueous fraction and the lipid fraction. To our knowledge, 
the phytochemistry of these two species has never been exam
ined using 1H-NMR spectroscopy. As a result, no reference 
databases exist, which limits unambiguous phytochemical 
identification and quantification (Yesiltepe et al. 2022). Our 
approach therefore looked for holistic changes in overall 
phytochemical composition and diversity rather than quanti
fying specific compounds. Nevertheless, our comparisons of 
both composition and diversity used peak area (directly pro
portional to concentration in 1H-NMR spectroscopy), and 
so our analysis incorporated quantitative changes in phyto
chemistry. While our sample size was small (three replicates 
per treatment per species, with the three monoculture samples 
drawn from one plot), our main conclusions were consistent 
for multiple analytical choices (see Supplementary Methods 
S2: Robustness of results).

We first explored phytochemical composition differences 
(i.e. the types of chemicals present) between A. gerardi and 
L. capitata. While underlying species differences in compos
ition are not the specific target of our study questions, they 
provide important context for interpreting the results. We per
formed a principal components analysis on the binned spectral 
data and visualized the first two principal components (aque
ous fraction, 83.1% of total variation explained; lipid frac
tion, 81.5%). To test whether the centroids of the two 
species in multivariate space were equivalent, we used permu
tational multivariate analysis of variance (PERMANOVA) us
ing the ‘adonis2’ function and Euclidean distances in the 
package vegan v.2.6-4 (Oksanen et al. 2022). To test whether 
total intraspecific variation differed between the two species, 
we compared the dispersion between the two species using 
the ‘betadisper’ function in vegan. To confirm which principal 
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components contributed to differences between the two spe
cies, we also tested for differences in PC1 and PC2 values be
tween the two species using one-way ANOVA.

We next explored differences in phytochemical diversity 
(i.e. the total number and evenness of chemicals present) be
tween species. We calculated phytochemical diversity (1 −  
D) following Richards et al. (2015). Briefly, we normalized 
the binned data, so each sample had a total area of 100, and 
calculated D as D = Σ(n/N )2, where n is the integral (area 
under the curve) in a specific bin, and N is the number of 
bins (N = 170, aqueous fraction; N = 159, lipid fraction). 
We tested for differences in phytochemical diversity between 
the two species using one-way ANOVA.

Finally, we investigated the types of chemicals that lead to 
phytochemical differences between species. We identified 
‘modules’ (sets of shared chemical bins that covary across 
samples) using a weighted network approach (Richards 
et al. 2018). Chemical bins that are more strongly correlated 
across samples are more closely related in the network and 
may indicate a certain class of phytochemical that appears 
across multiple samples. These closely related chemical bins 
were organized into modules (minimum module size = 3 
bins) using the ‘blockwiseModules’ function in the WGCNA 
package (Langfelder and Horvath 2008, 2012) using a soft 
threshold to separate meaningful peaks from baseline noise. 
See Richards et al. (2018) and Supplementary Code S1 for 
full details. This procedure yielded seven modules of chemical 
bins. We plotted the loading of each chemical bin against PC1 
and PC2 from the principal components analysis to visualize 
which modules contributed to higher or lower scores of PC1 
and PC2 (Supplementary Figure S1). To identify the types of 
chemicals described by each module, we assembled a large 
database of previously published 1H-NMR chemical bins for 
a range of compounds from grasses and forbs 
(Supplementary Table S1). We compared the chemical bins 
of our modules to these published bins and to Table S6 of 
Richards et al. (2018) to identify the types of chemicals driving 
differences between our species. Identities of compounds with 
particularly strong correspondences were then confirmed us
ing MestReNova (Mestrelab Research). This analysis was 
only carried out for the aqueous fraction, given the lack of pre
viously published lipid chemical data (see Supplementary 
Table S1).

Phytochemical responses to neighbour identity and 
consumers
We repeated all the above analyses for both species, testing the 
interactive effects of consumer pressure and neighbour iden
tity. We separated the data by species and tested the effect 
of consumers (control vs. pesticide) and intra- vs. interspecific 
neighbours (monoculture vs. polyculture) for each species sep
arately, with three plants per treatment combination. We did 
not test these effects using the combined dataset of both spe
cies, as the two species were highly divergent (see Results) 
and so any signal would be dominated by this interspecific dif
ference. In other words, rather than comparing A. gerardi ver
sus L. capitata as above, we compared intraspecific vs. 
interspecific neighbours and consumers versus reduced con
sumers and their interactions for each species separately for 
all the above analyses.

For these treatment comparisons within species, we carried 
out two extra analyses. After identifying modules of chemical 

bins (10 modules for A. gerardi, 12 modules for L. capitata) 
and plotting these modules against PC loadings for each spe
cies (Supplementary Figures S2 and S3), we extracted module 
eigenvalues for each sample, which represent the relative oc
currence of that module in the sample. We tested whether 
modules were affected by consumer or neighbour treatments 
and their interaction using two-way ANOVA. Second, we 
tested whether closely related samples in their aqueous- 
soluble phytochemical composition were also more closely re
lated in their lipid-soluble phytochemical composition. For 
each species, we constructed a dendrogram of samples for 
the aqueous fraction and a dendrogram of samples for the lip
id fraction (Supplementary Figures S4 and S5), using the 
‘hclust’ function (Ward’s clustering criterion on Euclidean dis
tances) in the dendextend package (Galili 2015). We com
pared the similarity between the two dendrograms using 
Baker’s Gamma (Baker 1974), which ranges from −1 (the den
drograms are much more dissimilar than expected by chance) 
to 1 (the dendrograms are much more similar than expected 
by chance). This test was implemented using the ‘cor_bakers_ 
gamma’ function in dendextend. To test the significance of 
these comparisons, we generated 1000 random rearrange
ments of our dendrograms and repeated the test for each re
arrangement. We calculated the permuted P-value as the 
proportion of random rearrangements that yielded a Baker’s 
Gamma larger than the observed value (Supplementary 
Figure S6).

Results
Leaf damage and growth responses to treatments
Pesticide application successfully reduced damage. Total leaf 
damage from consumers was 4.5% in control plots and 
1.1% in pesticide plots (Supplementary Figure S7a). 
Consumer treatment interacted with neighbour treatment 
(F1,20 = 6.89, P = .016): reduction of consumers led to a great
er damage decrease in the monocultures than the polycultures, 
because overall damage was lower when plants were with 
interspecific as opposed to intraspecific neighbours. This trend 
was largely driven by fungal damage (Supplementary 
Figure S7c), as insect damage was very low in 2023 (average 
of 0.78%) and did not significantly vary with either treatment 
(Supplementary Figure S7b).

Neighbour identity and consumer reduction had additive 
effects on plant NDVI and biomass (Fig. 1a iii, iv). Across 
the whole experiment (all 17 species), NDVI in reduced- 
consumer plots was 1.14 times higher than plots with consum
ers (F1,48 = 14.45, P < .001) and was 1.37 times higher in the 
16-species plots than in monoculture plots (F1,48 = 75.10, P  
< .001; Fig. 2a). This was also observed for the focal species: 
NDVI was 1.13 and 1.14 times higher in reduced-consumer 
monocultures relative to plots with consumers for A. gerardi 
and L. capitata, respectively (Fig. 2a). Aboveground biomass 
followed a similar trend as NDVI. Total biomass in plots 
where plants had interspecific neighbours was 3.1 times higher 
than monoculture plots (F1,48 = 34.52, P < .001) and was 1.2 
times higher in reduced-consumer plots than consumer plots, 
though this was not significant (F1,48 = 1.67, P = .202; 
Fig. 2b). However, neighbour identity had varying relation
ships with the biomass of the two focal species. Andropogon 
gerardi biomass was up to 1.8 times higher when occurring 
with interspecific neighbours than with intraspecific neigh
bours, a trend consistent across consumer treatments 
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(Fig. 2b), suggesting facilitation rather than competition. In 
contrast, L. capitata biomass was up to 10.4 times higher 
when with intraspecific neighbours only (Fig. 2b). Consumer 
effects were seemingly weak, with little effect of reducing con
sumers on the aboveground biomass of focal species (Fig. 2b).

Phytochemical differences between species
Andropogon gerardi and L. capitata differed in phytochem
ical composition (Fig. 3; Table 1). Both the aqueous and lipid 
fractions showed significant differences between the species 
(Table 1a), which indicates differential investment into (i) 
phenolic acids and flavonoids (PC1, Fig. 3a), and (ii) amino 
acids and sugars/terpenoids (PC2, Fig. 3a). These differences 
are supported by the significant PERMANOVA result for 
both extracts (Table 1a). Andropogon gerardi also showed 
higher intraspecific variation than L. capitata in the aqueous 
fraction (Fig. 3a; Table 1a). Lespedeza capitata showed higher 
quantities of flavonoids and terpenoids, while A. gerardi com
position comprised more simple secondary metabolites such 
as phenolic and amino acids (Fig. 3a; Supplementary 
Figure S1; Supplementary Tables S1, S2a). Despite these com
positional differences, the two species did not differ in overall 
aqueous phytochemical diversity (Fig. 4a; Table 1b). 
However, A. gerardi had significantly higher lipid phytochem
ical diversity (Fig. 4b; Table 1b).

Phytochemical differences between treatments 
within species
For both species, there was no similarity in clustering 
between the aqueous and lipid fractions (A. gerardi, Baker’s 
Gamma = 0.13, P = .098; L. capitata, Baker’s Gamma = 
−0.09, P = .590), suggesting the two fractions, and their re
sponses to neighbours or consumers, are independent 
(Supplementary Figures S4–S6).

Lespedeza capitata
Phytochemical composition of the L. capitata aqueous frac
tion was affected more by neighbour identity than consumer 
reduction (Fig. 1a vi supported, i unsupported), which was 
driven largely by higher values of PC2 with interspecific neigh
bours (Fig. 5a; Table 1a). Similarly, there was a marginally sig
nificant effect of neighbours in the L. capitata lipid fraction, 
where plants with interspecific neighbours had slightly lower 
PC1 values than those with intraspecific neighbours 
(Fig. 5b). These results were also seen in the clustering ana
lysis, with evidence of clustering according to neighbour treat
ment but not consumer treatment (Supplementary Figure S5). 
There was also a marginal relationship between neighbour 
identity and aqueous phytochemical diversity where plants 
with interspecific neighbours had higher diversity than those 
with intraspecific neighbours (Fig. 4a; Table 1b), and a mar
ginal relationship between consumer manipulation and lipid 
phytochemical diversity, where plants had higher diversity 
when consumers were present (Fig. 4b; Table 1b). There 
were no interactive effects of neighbour identity and consumer 
reduction on overall phytochemical composition or diversity.

In sum, L. capitata phytochemistry was affected by neigh
bours but not consumers, except for a marginal relationship 
with consumers in lipid phytochemical diversity. To further 
investigate these changes, we examined the modules of chem
ical bins (Supplementary Figure S2; Supplementary 
Table S2b). Of the 12 modules identified for L. capitata, six 
showed directional trends of which three were statistically sig
nificant (Fig. 6a). Sugars (especially glucose and sucrose, mod
ule 4) were higher when occurring with intraspecific 
neighbours only F1,9 = 13.47, P = .005), while amino acids 
(module 6) were higher with interspecific neighbours (F1,9 = 
11.03, P = .009). Consumers and neighbours also interacted 
to affect terpenoids (module 8, F1,8 = 6.68, P = .032): terpen
oid concentrations were highest in plants grown with 

Figure 2 Effect of neighbour identity and reduced consumers on (a) NDVI and (b) total aboveground biomass. Darker points and error bars are mean ±  
95% CI; lighter transparent points are individual experimental plots. For combined values of all species in the experiment, N = 17 monoculture plots and N  
= 9 16-species plots per consumer treatment. For A. gerardi and L. capitata, N = 1 monoculture plot and N = 9 16-species plots per consumer treatment. 
Note that no value for NDVI can be assigned to A. gerardi or L. capitata in 16-species plots.
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intraspecific neighbours and consumers, lowest in plants 
growing with intraspecific neighbours with reduced consum
ers, with intermediate values when growing with interspecific 
neighbours. Plants with intraspecific neighbours also tended 
to have higher investment in phenolics (modules 1, 5) and low
er investment in flavonoids (module 9), though not significant
ly (Fig. 6a).

Andropogon gerardi
In contrast to L. capitata, A. gerardi showed negligible phyto
chemical responses to either consumer or neighbour treat
ments (Figs. 4, 5c; Supplementary Figure S4; Table 1; 
Fig. 1a i and vi unsupported). The one exception was a trend 
for plants with reduced consumers to have higher PC2 values 
in lipid phytochemical composition (Fig. 5d; Table 1a). 
Analysis of chemical modules supported these results 

(Fig. 6b; Supplementary Figure S3; Supplementary 
Table S2c). Of the 10 modules identified, none showed a sig
nificant relationship with neighbour identity, while sugars 
(module 5) showed a non-significant increase in plants with 
reduced consumers (Fig. 6b).

Discussion
In this study, we asked two questions: (1) Do plant biomass 
and phytochemistry both change with consumer reduction 
and neighbour identity, or are biomass and phytochemical re
sponses decoupled?—Our findings suggest consumers and 
neighbours affect biomass and NDVI measures, but that these 
changes were not always reflected in phytochemistry. (2) Do 
A. gerardi and L. capitata show consistent phytochemical re
sponses to neighbour and consumer manipulations?—We 
found that A. gerardi and L. capitata differed in both their 

Figure 3 Phytochemical composition of A. gerardi and L. capitata expressed using principal components analysis for (a) aqueous fraction and (b) lipid 
fraction. For the aqueous fraction, broad chemical classes contributing to the PC axes are indicated. Each dot is a sample (N = 24 for aqueous fraction; N =  
24 for lipid fraction).

Table 1 P-values for all statistical tests comparing phytochemical composition and diversity across species and treatments.

Metric Fraction Species Intraspecific vs. interspecific 
neighbours

Consumers vs. reduced 
consumers

Ag vs. Lc Within Ag Within Lc Within Ag Within Lc

(a) Phytochemical composition
PERMANOVA Aqueous <.001 .953 .050 .912 .781

Lipid <.001 .157 .072 .214 .107
Dispersion Aqueous .015 .414 .970 .838 .340

Lipid .227 .602 .752 .676 .619
PC1 Aqueous <.001 .802 .179 .857 .879

Lipid <.001 .212 .142 .698 .116
PC2 Aqueous .011 .713 .019 .512 .195

Lipid .939 .263 .182 .035 .469
(b) Phytochemical diversity
1-D Aqueous .351 .799 .090 .645 .139

Lipid <.001 .469 .213 .653 .058

Ag = Andropogon gerardi; Lc = Lespedeza capitata. P-values <.05 are bolded. Values for species comparisons are from analyses combining both species; values 
for treatments are from analyses of each species separately. PERMANOVA tests the H0 that centroids of the groups are equivalent. Dispersion tests the H0 that 
the total multivariate variation is equal among groups. 1-D represents phytochemical diversity.
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underlying phytochemical composition and in their responses 
to consumers and neighbours. Collectively, our results suggest 
that neighbour identity can exert stronger effects on intraspe
cific phytochemical responses than consumer presence, but 
these potential effects differ between our two focal species.

Distinct and species-specific effects of 
competitive environment and consumers on 
plant biomass and phytochemistry
Plant aboveground biomass and NDVI varied with consumer 
reduction and neighbour identity, but corresponding vari
ation was not always seen in the phytochemistry of either A. 
gerardi or L. capitata (Question 1). Andropogon gerardi 
NDVI and biomass were higher when consumers were re
duced (though the biomass results were non-significant) and 
when growing with interspecific vs intraspecific neighbours 
(Fig. 2), both of which reduced damage on plants. However, 
there was no change in A. gerardi phytochemistry (Fig. 5), 
aside from a small potential upregulation of sugars in plants 
with reduced consumers (Fig. 6). These results suggest that 
A. gerardi relies on more constitutive than induced defences 
(Waterman et al. 2021). Previous work has also found that 
A. gerardi shows little induced response to consumer pressure 
(Pittenger et al. 2020), suggesting the frequency or multiplicity 
of stressors faced by A. gerardi in this environment has fav
oured the development of constitutive phytochemical path
ways. However, total intraspecific phytochemical variation 
of A. gerardi was higher than for L. capitata (Fig. 3). High 
intraspecific variation may itself reduce damage in a popula
tion as it provides a ‘moving target’ for herbivores (Massad 
et al. 2017). In sum, A. gerardi benefitted from consumer re
moval, at least in terms of NDVI. It also appeared highly com
petitive in 16-species communities—or may even be facilitated 
by other species—as indicated by its higher biomass when 
growing with interspecific neighbours (Fig. 2b). The stronger 
overall signal for NDVI versus biomass may be because NDVI 

averages productivity across a larger area of the plot, while 
biomass is estimated from a small strip that may be vulnerable 
to stochastic positioning of plants. There was no correspond
ing phytochemical response in A. gerardi, supporting path
ways iii and iv (Fig. 1a).

Lespedeza capitata displayed different patterns to A. gerar
di in both biomass and phytochemistry (Question 2). 
Lespedeza capitata average biomass was approximately 10 
times lower when with interspecific versus intraspecific neigh
bours (Fig. 2b). This corresponded with phytochemical 
changes (Figs. 5, 6): sugars were higher when growing alone, 
while amino and phenolic acids were higher when grown with 
interspecific neighbours. Collectively, these results indicate 
that interspecific competition may impose an energetic cost 
on L. capitata. Sugars represent energy stores (Lastdrager 
et al. 2014), while amino acids and phenolics are derived 
through amino acid metabolism (Endara et al. 2023) and 
thus cheaper to produce for N-fixers like L. capitata. High 
amino acid levels are also indicative of stress (Witt et al. 
2012, Hildebrandt et al. 2015). The growth and phytochem
istry results collectively suggest that interspecific neighbours 
reduce resource availability or at least alter resource allocation 
for L. capitata which can be seen its chemical composition. 
These results were consistent regardless of consumer treat
ment, suggesting that interspecific plant neighbours exert a 
direct effect on phytochemistry (Fig. 1a vi) rather than an in
direct effect mediated by consumers (Fig. 1a v → i).

Interspecific competitors also potentially affected L. capita
ta’s response to consumers. Without interspecific neighbours 
and when faced with consumers, L. capitata upregulated ter
penoids (Fig. 6), which are effective but costly defence com
pounds (Wolf et al. 2011). When grown with interspecific 
neighbours, this response was lost, further suggesting inter
specific competition reduced the energy stores of L. capitata 
and its ability to redirect defences appropriately. However, 
evidence for L. capitata phytochemical responses to consumer 

Figure 4 Phytochemical diversity for both the aqueous fraction (a) and the lipid fraction (b). Each dot is a sample (N = 24 for aqueous fraction; N = 24 for 
lipid fraction).
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pressure is smaller than its phytochemical responses to neigh
bour identity (Table 1; Figs. 5, 6). This suggests L. capitata 
may also largely rely on constitutive defence, though we 
note an important caveat to this conclusion: as we only 
sampled once, we are less likely to detect induced defences un
less consumption was very frequent. Our damage data sug
gests this condition is unlikely to be met, as total damage 
was low in 2023 (4.5% in control plots), which is lower 
than reported in other years at Cedar Creek (e.g. Borer et al. 
2015, Brian et al. 2024). It may be that conditions were less 
suitable for consumers, especially insect herbivores 
(Supplementary Figure S7). This would limit the difference be
tween control and pesticide treatments (Fig. 2b) and may 
underestimate the influence consumers can have on phyto
chemistry. Nevertheless, release from consumers clearly 

increased NDVI, both in our focal species and across the ex
periment generally (Fig. 2a), suggesting a significant effect of 
consumers on biomass.

Based on the above, we cautiously suggest that over local 
scales (defined here as 3 m2) and for the conditions of this 
study, interspecific competition exerts stronger effects than 
consumers on biomass (both species), and any induced phyto
chemical changes are due to neighbours (L. capitata). The 
greater responsiveness of L. capitata phytochemistry is pre
dicted by theory: one prediction of the carbon-nutrient bal
ance hypothesis states that species with faster growth rates 
are better able to alter phytochemical investment (Bryant 
et al. 1983). Trait data suggest L. capitata is the faster- 
growing species (Catford et al. 2019), which suggests its 
phytochemical profile may be more inducible in response to 

Figure 5 Phytochemical composition differences between samples in different treatments expressed using separate principal component analyses for 
L. capitata (a, b) and A. gerardi (c, d) for both the aqueous fraction (a, c) and the lipid fraction (b, d). Each dot is a sample (N = 12 for aqueous fraction and N  
= 12 for lipid fraction for each species). For the aqueous fraction, broad chemical classes contributing to the PC axes are indicated. Note that because 
principal components were calculated separately for each species, chemical classes load differently for the two species.
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stressors. The current study adds to growing evidence that, 
within species, short-term phytochemical changes may be in
fluenced by resources or plant neighbours more so than by 
consumers (Kigathi et al. 2019, Glassmire et al. 2023, 
Molleman et al. 2024), while acknowledging that underlying 
constitutive phytochemical composition may still be deter
mined by long-term interactions between plants and consum
ers (Futuyma and Agrawal 2009). We recommend further 
work that investigates the varying abilities of different species 
to adapt phytochemically to the rapid consumer and commu
nity diversity changes predicted in the future.

Differences between aqueous-soluble and 
lipid-soluble phytochemical investment
We found no congruence between sample clustering of the 
aqueous and lipid fractions, possibly indicating independent 
investment by plants into aqueous-soluble and lipid-soluble 
phytochemicals. We have paid little attention to lipid results 
in our discussion, partly because the lipid fraction was less re
sponsive to treatment than the aqueous fraction, but also be
cause there is very little published work on lipid-soluble 
phytochemicals (Supplementary Table S1). However, there 
were clear differences between the lipid diversity of the species 

Figure 6 Modules of chemical bins for (a) L. capitata and (b) A. gerardi, with the chemical class comprising each module indicated (see Supplementary 
Table S2 for full details; some modules did not align with a clear phytochemical class). Panel heat represents the average eigenvalue across the three 
replicates of each treatment combination, with blue (higher eigenvalues) representing upregulation of the module in the treatment and red (lower 
eigenvalues) representing downregulation of that module in the treatment. Solid black outlines highlight modules that statistically differed between 
treatments, while dashed lines show non-significant patterns across treatments.

10                                                                                                                                                                      AoB Plants, 2025, Vol. 17, Issue 6
D

ow
nloaded from

 https://academ
ic.oup.com

/aobpla/article/17/6/plaf071/8380018 by Library (H
ancock) user on 27 January 2026

http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plaf071#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plaf071#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plaf071#supplementary-data


(Fig. 4b) and possible responses of lipids to consumer pressure 
in both species (Table 1). Recent work has revealed the im
portance of lipid signalling in response to herbivory (Xing 
et al. 2024). Aqueous-soluble and lipid-soluble chemicals 
both support defence and stress responses but also energy 
storage and cell architecture and so drawing general implica
tions from the different investment patterns between the two is 
difficult. Our results highlight an important gap in knowledge 
that could be filled if future work uses multiple solvents to gain 
a holistic view of plant phytochemical responses to change. 
These efforts will be enhanced by methods providing more 
conclusive identification of major chemical classes and their 
functional roles.

Conclusion
Using a grassland field experiment, we found variation in the 
phytochemical composition and response to interspecific com
petition of two co-occurring plant species. How communities 
phytochemically respond to changes in biotic context may be 
contingent on the focal species in those communities, in a way 
that cannot necessarily be predicted from measures of plant 
biomass. We suggest that intraspecific phytochemical re
sponses to different ecological conditions have not been inves
tigated as rigorously as interspecific phytochemical diversity, 
and the direct effects of interspecific interactions require great
er attention. Our results indicate that while constitutive 
phytochemistry may have developed in response to long-term 
interactions with consumers, the competitive context for a 
species may determine short-term induced phytochemical 
changes, though the low overall consumer impact in the study 
year provides an important caveat. The impacts of interspecif
ic competition on phytochemical diversity (and the variation 
of impacts depending on focal species) revealed by our study 
provides impetus for more in-depth work into the interaction 
between plant diversity, phytochemical diversity and con
sumer diversity, and the directionality of these relationships 
under real-world conditions.

Acknowledgements
We thank the Centre for Biomolecular Spectroscopy funded 
by the Wellcome Trust and British Heart Foundation (ref. 
nos. 202767/Z/16/Z and IG/16/2/32273). We are grateful to 
Troy Mielke and all the Cedar Creek interns for their assist
ance in maintaining and sampling the experiment. 
Assistance with data and laboratory work was provided by 
Dan Bahauddin, Kate Olde and Francis O’Shea. We are very 
grateful for helpful suggestions and comments from Linda 
Kinkel, Hikaru Seki, Harry Shepherd, Jonathan Sutton and 
Brittany Pugh. Comments from five anonymous reviewers 
have significantly improved this work.

Author contributions
JIB and JAC conceived the idea for the paper. ETB and EWS 
coordinated the consumer reduction experiment, with Linda 
Kinkel. JIB carried out sampling. JIB and ALG carried out la
boratory work and analysed the data. JIB interpreted the data 
with input from MAC, EWS, ETB and JAC. JIB drafted the 
manuscript, and all authors contributed to revisions.

Supplementary material
Supplementary material is available at AoB Plants online.

Conflicts of interest
None declared.

Funding
Funding for the project comes from the European Research 
Council (ERC) under the European Union’s Horizon 2020 
research and innovation programme (grant agreement no. 
101002987). The long-term field experiment was supported 
by grants from the U.S. National Science Foundation 
Long-Term Ecological Research Program (LTER) including 
DEB-1234162 and DEB-1831944. We thank the Centre for 
Biomolecular Spectroscopy funded by the Wellcome Trust 
(ref. no. 202767/Z/16/Z) and British Heart Foundation (ref. 
no. IG/16/2/32273).

Data availability
All data and code supporting the manuscript can be found in 
Zenodo: https://doi.org/10.5281/zenodo.17236625 (Brian 
2025).

Ethics approval
This work did not require ethical approval.

References
Agrawal AA. Macroevolution of plant defense strategies. Trends Ecol 

Evol 2007;22:103–9. https://doi.org/10.1016/j.tree.2006.10.012
Agrawal AA, Hastings AP, Johnson MT et al. Insect herbivores drive 

real-time ecological and evolutionary change in plant populations. 
Science 2012;338:113–6. https://doi.org/10.1126/science.1225977

Bais HP, Weir TL, Perry LG et al. The role of root exudates in rhizo
sphere interactions with plants and other organisms. Annu Rev 
Plant Biol 2006;57:233–66. https://doi.org/10.1146/annurev. 
arplant.57.032905.105159

Baker FB. Stability of two hierarchical grouping techniques case I: sen
sitivity to data errors. J Am Stat Assoc 1974;69:440–5. https://doi. 
org/10.1080/01621459.1974.10482971

Borer ET, Lind EM, Ogdahl EJ et al. Food-web composition and plant 
diversity control foliar nutrient content and stoichiometry. J Ecol 
2015;103:1432–41. https://doi.org/10.1111/1365-2745.12461

Brian JI. Data from: Neighbours, not consumers, drive local intraspecif
ic phytochemical changes in two grassland species (v.1.1). Zenodo. 
2025. https://doi.org/10.5281/zenodo.17236625

Brian JI, Shepherd HER, Pérez-Navarro MÁ et al. Release from above
ground enemies increases seedling survival in grasslands. J Ecol 
2024;112:1473–86. https://doi.org/10.1111/1365-2745.14318

Bruce TJ, Pickett JA. Perception of plant volatile blends by herbivorous 
insects—finding the right mix. Phytochemistry 2011;72:1605–11. 
https://doi.org/10.1016/j.phytochem.2011.04.011

Bryant JP, Chapin FS, Klein DR. Carbon/nutrient balance of boreal 
plants in relation to vertebrate herbivory. Oikos 1983;40:357–68. 
https://doi.org/10.2307/3544308

Buzhdygan OY, Tietjen B, Petermann JS et al. Plant diversity facets dif
ferentially affect energy dynamics in grasslands depending on troph
ic contexts. Ecol Monogr 2025;95:e70004. https://doi.org/10.1002/ 
ecm.70004

Catford JA, Smith AL, Wragg PD et al. Traits linked with species inva
siveness and community invasibility vary with time, stage and indi
cator of invasion in a long-term grassland experiment. Ecol Lett 
2019;22:593–604. https://doi.org/10.1111/ele.13220

Cipollini D. Stretching the limits of plasticity: can a plant defend against 
both competitors and herbivores?. Ecology 2004;85:28–37. https:// 
doi.org/10.1890/02-0615

AoB Plants, 2025, Vol. 17, Issue 6                                                                                                                                                                      11
D

ow
nloaded from

 https://academ
ic.oup.com

/aobpla/article/17/6/plaf071/8380018 by Library (H
ancock) user on 27 January 2026

http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/plaf071#supplementary-data
https://doi.org/10.5281/zenodo.17236625
https://doi.org/10.1016/j.tree.2006.10.012
https://doi.org/10.1126/science.1225977
https://doi.org/10.1146/annurev.arplant.57.032905.105159
https://doi.org/10.1146/annurev.arplant.57.032905.105159
https://doi.org/10.1080/01621459.1974.10482971
https://doi.org/10.1080/01621459.1974.10482971
https://doi.org/10.1111/1365-2745.12461
https://doi.org/10.5281/zenodo.17236625
https://doi.org/10.1111/1365-2745.14318
https://doi.org/10.1016/j.phytochem.2011.04.011
https://doi.org/10.2307/3544308
https://doi.org/10.1002/ecm.70004
https://doi.org/10.1002/ecm.70004
https://doi.org/10.1111/ele.13220
https://doi.org/10.1890/02-0615
https://doi.org/10.1890/02-0615


Coley P, Bryant J, Chapin FS. Resource availability and plant anti- 
herbivore defense. Science 1985;230:895–9. https://doi.org/10. 
1126/science.230.4728.895

Ehrlich PR, Raven PH. Butterflies and plants: a study in coevolution. 
Evolution 1964;18:586–608. https://doi.org/10.1111/j.1558-5646. 
1964.tb01674.x

Endara MJ, Forrister DL, Coley PD. The evolutionary ecology of plant 
chemical defenses: from molecules to communities. Annu Rev Ecol 
Evol Syst 2023;54:107–27. https://doi.org/10.1146/annurev- 
ecolsys-102221-045254

Farmer EE. Leaf Defence. Oxford: OUP, 2014.
Forister ML, Yoon SAA, Philbin CS et al. Caterpillars on a phytochem

ical landscape: the case of alfalfa and the Melissa blue butterfly. Ecol 
Evol 2020;10:4362–74. https://doi.org/10.1002/ece3.6203

Fraenkel GS. The raison d’etre of secondary plant substances: these odd 
chemicals arose as a means of protecting plants from insects and 
now guide insects to food. Science 1959;129:1466–70. https://doi. 
org/10.1126/science.129.3361.1466

Futuyma DJ, Agrawal AA. Macroevolution and the biological diversity 
of plants and herbivores. Proc Natl Acad Sci U S A 2009;106: 
18054–61. https://doi.org/10.1073/pnas.0904106106

Galili T. Dendextend: an R package for visualizing, adjusting and com
paring trees of hierarchical clustering. Bioinformatics 2015;31: 
3718–20. https://doi.org/10.1093/bioinformatics/btv428

Glassmire AE, Carson WP, Smilanich AM et al. Multiple and contrast
ing pressures determine intraspecific phytochemical variation in a 
tropical shrub. Oecologia 2023;201:991–1003. https://doi.org/10. 
1007/s00442-023-05364-3

Gu Y, Brown JF, Verdin JP et al. A five-year analysis of MODIS NDVI 
and NDWI for grassland drought assessment over the central great 
plains of the United States. Geophys Res Lett 2007;34:1–6. https:// 
doi.org/10.1029/2006GL029127

Hahn PG, Keefover-Ring K, Nguyen LM et al. Intraspecific correlations 
between growth and defence vary with resource availability and dif
fer within and among populations. Funct Ecol 2021;35:2387–96. 
https://doi.org/10.1111/1365-2435.13878

Hemming JD, Lindroth RL. Effects of light and nutrient availability 
on aspen: growth, phytochemistry, and insect performance. 
J Chem Ecol 1999;25:1687–714. https://doi.org/10.1023/A: 
1020805420160

Hildebrandt TM, Nesi AN, Araújo WL et al. Amino acid catabolism in 
plants. Mol Plant 2015;8:1563–79. https://doi.org/10.1016/j.molp. 
2015.09.005

Jones CG, Firn RD. On the evolution of plant secondary chemical diver
sity. Philos Trans R Soc Lond B Biol Sci 1991;333:273–80. https:// 
doi.org/10.1098/rstb.1991.0077

Kessler A, Kalske A. Plant secondary metabolite diversity and species in
teractions. Annu Rev Ecol Evol Syst 2018;49:115–38. https://doi. 
org/10.1146/annurev-ecolsys-110617-062406

Khoo LW, Mediani A, Zolkeflee NKZ et al. Phytochemical diversity of 
Clinacanthus nutans extracts and their bioactivity correlations elu
cidated by NMR based metabolomics. Phytochem Lett 2015;14: 
123–33. https://doi.org/10.1016/j.phytol.2015.09.015

Kigathi RN, Weisser WW, Reichelt M et al. Plant volatile emission de
pends on the species composition of the neighboring plant commu
nity. BMC Plant Biol 2019;19:1–17. https://doi.org/10.1186/ 
s12870-018-1541-9

Langfelder P, Horvath S. WGCNA: an R package for weighted correl
ation network analysis. BMC Bioinformatics 2008;9:559. https:// 
doi.org/10.1186/1471-2105-9-559

Langfelder P, Horvath S. Fast R functions for robust correlations and 
hierarchical clustering. J Stat Softw 2012;46:1–17. https://doi.org/ 
10.18637/jss.v046.i11

Lastdrager J, Hanson J, Smeekens S. Sugar signals and the control of 
plant growth and development. J Exp Bot 2014;65:799–807. 
https://doi.org/10.1093/jxb/ert474

Latif S, Chiapusio G, Weston LA. Allelopathy and the role of allelo
chemicals in plant defence. In: Becard G (ed.) Advances in 

Botanical Research, Vol. 82. Cambridge, Massachusetts: 
Academic Press, 2017, 19–54

Ling ALM, Yasir S, Matanjun P et al. Effect of different drying techni
ques on the phytochemical content and antioxidant activity of 
Kappaphycus alvarezii. J Appl Phycol 2015;27:1717–23. https:// 
doi.org/10.1007/s10811-014-0467-3

Massad TJ, Fincher RM, Smilanich AM et al. A quantitative evaluation 
of major plant defense hypotheses, nature versus nurture, and chem
istry versus ants. Arthropod Plant Interact 2011;5:125–39. https:// 
doi.org/10.1007/s11829-011-9121-z

Massad TJ, Martins de Moraes M, Philbin C et al. Similarity in volatile 
communities leads to increased herbivory and greater tropical forest 
diversity. Ecology 2017;98:1750–6. https://doi.org/10.1002/ecy. 
1875
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