
HAL Id: hal-02625056
https://hal.inrae.fr/hal-02625056v1

Submitted on 26 May 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Drought and plant neighbourhood interactively
determine herbivore consumption and performance

Bastien Castagneyrol, Xoaquín Moreira, Herve Jactel

To cite this version:
Bastien Castagneyrol, Xoaquín Moreira, Herve Jactel. Drought and plant neighbourhood interac-
tively determine herbivore consumption and performance. Scientific Reports, 2018, 8 (1), pp.1-11.
�10.1038/s41598-018-24299-x�. �hal-02625056�

https://hal.inrae.fr/hal-02625056v1
https://hal.archives-ouvertes.fr


1Scientific REPORts |  (2018) 8:5930  | DOI:10.1038/s41598-018-24299-x

www.nature.com/scientificreports

Drought and plant neighbourhood 
interactively determine herbivore 
consumption and performance
Bastien Castagneyrol  1, Xoaquín Moreira  2 & Hervé Jactel1

Both plant neighbourhood composition and drought have well-known independent effects on insect 
herbivore performance, but their interactive effects remain elusive. In this study we performed a 
laboratory experiment to investigate the independent and combined effects of plant neighbourhood 
composition and drought on the performance of Gypsy moth larvae (Lymantria dispar) feeding on silver 
birch (Betula pendula) leaves. For this, we collected leaf samples from birch trees growing in a field 
experiment where we manipulated both host-tree species diversity (three levels: birch monocultures, 
two-species mixtures associating birch with the pedunculate oak Quercus robur or maritime pine Pinus 
pinaster, and three-species mixture with pedunculate oak, the maritime pine and birch) and water 
availability (two levels: irrigated vs. non-irrigated). In most cases, plant neighbourhood composition 
and irrigation treatments independently and interactively affected herbivore performance traits, 
especially those related to growth and food (i.e. birch leaves) processing. By addressing the interactive 
effects of tree species diversity and drought on insect herbivory from the herbivore’s point of view, 
our study builds toward a better understanding of the multiple ecological drivers of plant-insect 
interactions.

A rich body of concepts has been developed to predict the effects of plant diversity, measured as the number of 
plant species or genotypes within a given area, on insect herbivore communities and the mechanisms underpin-
ning such effects1. In particular, the concepts of associational resistance or susceptibility have been proposed, 
where the presence of neighbouring plants of the same vs. different species (or genotypes) modifies herbivore for-
aging behaviour and consumption of a given focal plant2. For instance, the “Resource Concentration Hypothesis” 
posits that herbivores frequently forage in a density-dependent manner, and therefore increasing number of plant 
species or genotypes at a constant plant density may reduce the probability of finding a preferred host plant 
species (or genotype) by herbivores, ultimately leading to lower herbivore abundance and damage on individual 
plants3,4. Moreover, associational effects may be generated by plant neighbours modifying host apparency and 
therefore plant likelihood of being detected by herbivores5,6. Alternatively, plant neighbourhood diversity might 
indirectly affect herbivory on focal plants by modifying plant nutritional quality (e.g., physical traits and second-
ary metabolites), independently of resource concentration or associational effects7–12. For example, competition 
for resources or facilitation among heterospecific plants or changes in abiotic conditions may alter plant growth or 
the nutritional value of plant tissues to herbivores13. Last the diversity of plants may offer a larger array of feeding 
resources or shelters to natural enemies controlling herbivore population14.

A widely used approach by ecologists and entomologists interested in associational effects consists in measur-
ing percentage of leaf area removed by chewing herbivores or the proportion of leaves with specific damage such 
as those inflicted by leaf-miners or gall-makers5,8,15–17. However, by exclusively focusing on associational effects 
from the plant’s point of view, one may not fully understand the underlying mechanisms because any effect of 
plant diversity on defoliation may result from plant diversity correlating with herbivore diversity or abundance1,2 
and/or from changes in herbivore feeding behaviour (i.e., once herbivores have reached and start consuming 
plants). To gain more insights, we need to also take into account the herbivore’s point of view, for example by esti-
mating herbivore performance on plants growing in the presence of conspecific or heterospecific neighbouring 
plants18,19.
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The study of plant diversity effects on plant-herbivore interactions have commonly been addressed in a single 
environment, neglecting the potential interacting effects of plant diversity and abiotic factors on herbivores. It 
is well known that drought can affect herbivore performance and consumption rates by altering plant defences 
or the nutritional value of plant tissues20–22. Along these lines, a meta-analysis by Jactel et al.23 suggested that 
defoliators benefit from drought as a likely result of increased concentration of free sugars and amino acids in 
leaf cells of the stressed plants. In addition, plant diversity may attenuate the way by which focal plants respond 
to water stress24–26. For instance, Klaus et al.27 showed that plant diversity reduced the negative impact of drought 
on biomass production by grasses and legumes, as a likely result of complementarity in root depth and biomass28. 
Any effect of plant diversity on plant response to drought may thus have cascading effects on herbivores. Recently, 
some promising studies addressed the mechanisms by which plant neighbourhood and abiotic factors may inter-
actively drive insect herbivory9,22,29,30, showing interactive effects of plant diversity and climatic factors on plant 
defences or insect abundance and damage. However, our knowledge on this topic still remains scarce, particularly 
in forest systems.

In this study we performed a laboratory experiment to investigate the independent and interactive effects of 
plant neighbourhood composition and drought on the performance (i.e. nutritional indices) of a generalist insect 
herbivore (the Gypsy moth Lymantria dispar L., Lepidoptera) feeding on silver birch (Betula pendula, Betulacae) 
leaves. For this, we collected leaf samples from birch trees growing in a field experiment where we manipulated 
both species composition of birch neighbours (four levels: birch monocultures, two-species mixtures associating 
birch with the pedunculate oak Quercus robur or the maritime pine Pinus pinaster, and three-species mixtures 
associating birch with the pedunculate oak and the maritime pine) and water availability (two levels: irrigated 
vs. non-irrigated). By addressing associational effects from an herbivore’s point of view, this study advances 
our mechanistic understanding of the interactive effects of plant species diversity and abiotic conditions on 
plant-herbivore interactions.

Results
Gypsy moth consumption and performance in the laboratory. Leaf consumption. Under labo-
ratory conditions, gypsy moth larvae consumed on average (±SD) 6.96 ± 2.83 mg day−1 of birch leaves. There 
was no significant effect of tree species composition, per se, on leaf consumption (Table 1). Irrigation treatment 
(but not tree species composition) significantly affected larval consumption (ΔB, Table 1). Specifically, larvae 
consumed 1.2-fold more amount of leaf material from trees growing in non-irrigated plots (7.42 ± 2.22 mg day−1) 
than from trees growing in irrigated plots (6.40 ± 2.77 mg day−1, Fig. 1A). However, herbivore consumption 
patterns largely varied between different tree neighbourhood compositions, depending on the irrigation treat-
ment as demonstrated by the significant Irrigation × Composition interaction (Table 1). In particular, leaf con-
sumption was significantly greater in non-irrigated plots than in irrigated plots in all tree species composition 
treatments, except in birch-oak mixtures where irrigation had no significant effect (Fig. 1A). Leaf consumption 
significantly increased with increased larval initial weight (coefficient parameter estimate ± SE: 0.035 ± 0.005, 
Table 1). However, the interactive effect of Irrigation × Composition treatments on leaf consumption remained 
significant after including initial weight as a covariate in the statistical model (Table 1), indicating the existence of 
pre-ingestive regulatory processes.

Growth. Although tree species composition and irrigation treatments did not significantly affect the relative 
growth rate of gypsy moth larvae (i.e., no significant wi × Irrigation or wi × Composition interactions, Table 1), 
we found a significant effect of the Irrigation × Composition interaction on herbivore absolute growth (Table 1). 
In particular, gypsy moth larvae grew significantly more when feeding on leaves from non-irrigated birch-pine 
mixtures than when they fed on leaves from irrigated birch-pine mixtures (Fig. 1B). Contrarily, larval growth did 
not significantly differ among irrigation treatments for the other tree neighbourhood compositions (Fig. 1B). 
Gypsy moth larvae fed leaves from non irrigated plots grew less when leaves were taken from birch-oak mixtures 
than from any other neighbourhood (Fig. 1B). At the contrary, there were no significant differences in gypsy 
moth larvae growth among tree neighbourhood for leaves taken from irrigated plots (Fig. 1B).

Efficiency of conversion of ingested (ECI) and digested (ECD) food into body mass. Overall, larval growth 
increased with the amount of food (i.e., leaves) consumed (coefficient parameter estimate ± SE: 3.49 ± 0.73, 
Table 1, ECI) and digested (1.49 ± 2.20, Table 1, ECD).

ECI differed among Irrigation and Composition treatments as indicated by the significant 
Consumption × Irrigation and Consumption × Composition interactions (Table 1, ECI). ECI was significantly 
greater for larvae feeding on leaves from irrigated plots than for those feeding on leaves from non-irrigated plots 
(Fig. 2A), indicating that the same growth could be achieved with lower consumption in irrigated plots (i.e., steeper 
slope). ECI was significantly greater for larvae feeding on leaves from birch-oak and birch-oak-pine mixtures (i.e., 
steeper slope) than for those feeding on leaves from birch monocultures or birch-pine mixtures (Fig. 2B).

The effects of irrigation and tree species composition on ECD were qualitatively and quantitatively compara-
ble to those reported for ECI (Table 1, ECD), indicating that differences in larval growth between irrigation and 
composition treatments resulted from both pre-ingestive (i.e., differential consumption, ECI) and post-digestive 
(i.e., metabolic, ECD) processes.

Approximate digestibility (AD). Larvae produced on average (±SD) 3.89 ± 1.90 mgfrass day−1. Frass produc-
tion significantly increased with leaf biomass consumption in all treatments (coefficient parameter estimate ± SE: 
0.48 ± 0.08, Table 1, AD). For a given consumption, the lower frass production, the more digestible the food, thus 
the flatter the regression slope between frass production and consumption. Larvae produced 1.1 times more frass 
when fed on leaves from irrigated plots (4.07 ± 2.12 mg day−1) than when they fed on leaves from non-irrigated 
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plots (3.71 ± 1.65 mg day−1). Frass production varied by less than 6% among composition treatments, ranging 
from 3.78 ± 1.70 mg day−1 when larvae were fed on leaves from birch monocultures to 3.99 ± 2.32 mg day−1 when 
they fed on leaves from birch-oak mixtures.

The effects of Irrigation and Composition treatments on frass production were significant (Table 1) 
but were contingent upon consumption as indicated by the significant Consumption × Irrigation and 
Consumption × Composition interactions (Table 1, AD). AD of leaves taken from non-irrigated was signifi-
cantly greater than AD of leaves from irrigated plots (i.e., flatter slope in Fig. 3A). AD was significantly greater for 
leaves from birch-pine mixtures than from any other plots (Fig. 3B). These results indicated that differences in 
larval absolute growth between composition and irrigation treatments partly resulted from differences in birch 
leaf nutritional quality for gypsy moth larvae.

Discussion
Our results showed that under laboratory conditions performance of gypsy moth larvae feeding on birch leaves 
markedly varied among tree species composition treatments, with a better food conversion in mixtures where 
birch was associated with oak. However, this significant effect was contingent upon tree water-stressed conditions. 
In particular, such increased herbivore performance in oak-birch mixtures was only observed under drought 
conditions. Together, these findings bring new insights into our understanding of ecological factors responsible 
for variability in leaf insect herbivory and associational effects in mixed forests1,30.

How gypsy moth larvae processed food was dependent on tree species composition. Our 
results showed that performance of gypsy moth larvae on birch leaves markedly varied among tree species com-
position treatments. In particular, ECI and ECD were greater (i.e., larvae grew more for the same consumption 
and digestion) on birch growing in birch-oak mixtures (and to a lower extent in birch-oak-pine mixtures) than 
in birch monocultures and birch-pine mixtures. It is likely that tree species composition altered leaf quality (and 
ultimately gypsy moth performance) through changes in the light environment around birch leaves19,31. In our 
experiment, birch height was intermediate between that of oaks (small) and pines (tall) such that birch leaves 
were more sun exposed in birch-oak mixtures, and more shaded in birch-pine mixtures than in monocultures 

Nutritional ratio equivalent Response variable Predictor F(df) P-value R²

Relative Consumption Rate (RCR) Consumption
(ΔB)

wi 40.77 (1, 86) <0.001 0.48

Irrigation 25.55 (1, 86) <0.001

Composition 0.83 (3, 86) 0.480

Irrigation × Composition 8.66 (3, 86) <0.001

Relative growth rate (RGR) Growth
(wf − wi)

wi 43.46 (1, 85) <0.001 0.36

Irrigation 3.11 (1, 85) 0.082

Composition 1.34 (3, 85) 0.267

Irrigation × Composition 2.88 (3, 85) 0.041

Efficiency of conversion of ingested food (ECI) Growth
(wf − wi)

Consumption 285.52 (1, 81) 0.003 0.78

Irrigation 9.65 (1, 81) 0.015

Composition 6.18 (3, 81) <0.001

Consumption × Irrigation 6.75 (1, 81) 0.011

Consumption × Composition 3.72 (3, 81) 0.015

Irrigation × Composition 5.79 (3, 81) 0.001

Approximate digestibility (AD) Frass

Consumption 342.35 (1, 83) <0.001 0.82

Irrigation 35.86 (1, 83) <0.001

Composition 3.46 (3, 83) 0.020

Consumption × Irrigation 15.55 (1, 83) <0.001

Consumption × Composition 4.57 (3, 83) 0.005

Irrigation × Composition 9.14 (3, 83) <0.001

Efficiency of conversion of digested food (ECD) Growth
(wf − wi)

Digested (Consumption - Frass) 10.41 (1, 81) 0.002 0.27

Irrigation 2.47 (1, 81) 0.120

Composition 1.02 (3, 81) 0.388

Digested × Irrigation 6.13 (1, 81) 0.015

Digested × Composition 3.08 (3, 81) 0.032

Irrigation × Composition 5.21 (3, 81) 0.002

Table 1. Summary of ANCOVA models testing the effects of tree neighborhood composition and irrigation 
on nutritional ratios of Lymantria dispar larvae feeding on birch leaves. For each model, response and 
explanatory variables are indicated, together with the nutritional index they correspond to (see Fig. 1). Non-
significant interactions were sequentially removed from the model starting with the least significant ones. 
We report statistics and P-values for the reduced, final model. wi: initial weight, wf: final weight, ΔB: leaf 
biomass consumed by gypsy moth larvae. R² are given for the simplified model. Characters in bold font refer to 
significant effects at P < 0.05.
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and three-species mixtures6,32. However, only a further assessment of chemistry in terms of primary and second-
ary metabolites, as well as physical defences, would give insights about mechanisms responsible for observed 
differences in gypsy moth performance among composition treatments13,33,34.

ECI and ECD were lower in birch-pine mixtures suggesting that gypsy moth larvae were not fulfilling their 
need in macronutrients when fed on this diet. In sharp contrast, we found that larvae produced less frass from 
the same amount of ingested food when feeding on birch leaves from birch-pine mixtures than when feeding on 
birch leaves from plots of other composition. This apparent contradiction between greater digestibility but lower 
efficiency of food conversion may result from gypsy moth larvae adapting post-ingestive but not pre-digestive 
regulatory processes to compensate for lower food quality35. Alternatively, this could be due to a higher propor-
tion of digested biomass that was actually lost as a result of differential enzymatic activity after digestion35, which 
could not be accounted for in the present study (Fig. 4).

Our results also found no overall effect of tree species composition on gypsy moth larval growth or consumption. 
This finding runs counter to previous studies reporting that leaf insect herbivory is strongly affected by tree diversity, 
and in particular by the composition of tree species neighbourhood1. It is important to note that in our study we only 
measured leaf insect herbivory by one generalist herbivore for a short period of time. Further studies in this system 
should include the entire herbivore community and over longer time periods to generalize our patterns. In addition, 
although Lymantria dispar is a generalist herbivore, we cannot guarantee that the present findings obtained on birch 
leaves would have been comparable on another host species such as the pedunculate oak.

Despite these limitations, our study is one of the few to date that has addressed the effects of plant species 
neighbour composition on herbivory from an herbivore point of view, i.e., focusing on feeding of herbivores 
instead of assessing herbivore damage in plants18,19,36. In one of the few available studies, Alalouni et al.18 found 
that tree species richness did not significantly influence growth or consumption of the gypsy moth larvae feeding 

Figure 1. Effects of tree neighbourhood composition and irrigation on Lymantria dispar larval consumption 
(A) and growth (B) on birch leaves in the laboratory. Although models were based on log-transformed 
variables, dots and error bars represent raw means and corresponding standard errors. Contrasts among 
composition treatments were estimated for each level of irrigation separately. Contrasts among irrigation 
treatments were estimated for each composition separately. Same letters above bars indicate non significant 
differences among composition treatments. Black stars indicate significant differences among irrigation 
treatments.
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on oaks (Quercus robur) in the laboratory, despite they observed a significant negative effect of tree species rich-
ness on leaf damage in the field, which they attributed to a greater variability of leaves within a tree than between 
trees in different tree species richness levels. These apparent discrepancies stress the need to further address 
simultaneously leaf damage and different aspects of herbivore performance to better understand tree diversity 
and composition effects on herbivory.

Gypsy moth larvae performed better on stressed trees. We found that, overall, gypsy moth larvae 
consumed more leaf material when fed on leaves from non-irrigated plots and that their efficiency of conversion 
of food (both ECI and ECD) were lower in non-irrigated plots. However, growth rate of gypsy moth larvae was 
similar in irrigated and non-irrigated plots. These results suggest that gypsy moth larvae compensated for the 
poor quality of leaves from non-irrigated plots (as indicated by lower ECI and ECD) by consuming more biomass, 

Figure 2. Efficiency of conversion of ingested food into body mass (ECI) by Lymantria dispar larvae feeding 
on birch leaves. Dots represent raw data. ECI corresponds to the slope of regression lines. Boxplots in upper 
panels indicate variability of consumption among (A) composition and (B) irrigation treatments. In boxplots, 
dots and vertical bars indicate treatment mean and median, respectively. Significant differences among slopes 
are indicated by different lower case letters in legends. B: Birch, BQ: Birch + Oak, BP: Birch + Pine, BQP: 
Birch + Oak + Pine.

Figure 3. Approximate digestibility (AD) of birch leaves processed by Lymantria dispar larvae. Dots represent 
raw data. AD corresponds to regression slopes divided by 1. Significant differences among slopes are indicated 
by different lower case letters in legends. The steeper the slope, the lower the digestibility. In each panel, grey 
areas indicate the impossible case above the 1:1 line, that is higher frass production than leaf consumption. B: 
Birch, BQ: Birch + Oak, BP: Birch + Pine, BQP: Birch + Oak + Pine.
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which corresponds to pre-ingestive regulatory processes. In addition, AD (i.e., an index reflecting post-ingestive, 
pre-digestive processes) was greater in non-irrigated plots, which suggests that post-ingestive regulatory pro-
cesses (where ingested food is processed in the midgut) were equally at play to compensate for lower food quality.

We did not find a consistent effect of irrigation on growth of gypsy moth larvae. Although this is in line with 
the observation that, among insect herbivores, chewing herbivores are those less affected by water stress21, this 
does not imply that irrigation had no effect on herbivory. At the contrary, we found that (i) gypsy moth lar-
vae adapted their consumption and metabolic activity to drought conditions of their host trees and (ii) gypsy 
moth larvae consumed more leaf biomass to compensate for lower food quality. From a tree perspective, this 
would imply a greater amount of damage in drought conditions23. Future studies addressing herbivore response 
to drought should disentangle the effects of drought on various aspects of both plant quality (including both pri-
mary and secondary metabolites and constitutive vs. induced defences) and herbivore metabolic activity.

Water stress altered the effect of tree species composition on gypsy moth performance. The 
effects of tree species composition on gypsy moth larvae consumption and growth on birch leaves were con-
tingent upon water stress. In particular, we found that gypsy moth consumption and growth on birch growing 
within birch-oak mixtures was lower than in other composition treatments, but only in non-irrigated plots. One 
plausible explanation for these findings is that the presence of smaller oaks has modified the effect of drought 
on birches. On the one hand, being of intermediate height between oaks and pines, birch may have received 
more light, grew faster, increasing the need for water and thus being more water-stressed in birch-oak mixtures 
than in monocultures or in mixtures with pines. On the other hand, birch trees may have faced less inter- and 
intra-specific competition of water when associated to small oaks as compared to monocultures and birch-pine 
mixtures. Although the precise mechanism through which tree species composition affected the interaction 
between birch trees and gypsy moth larvae cannot be unravelled with the present data, it is likely that the effect 
of plant neighbourhood on drought conditions drastically modified resource allocation patterns in plants (and 
in turn leaf quality), as shown for herbaceous22 and woody36–38 plant species. For instance, Hommel et al.38 found 
that water-stressed beeches allocated more photoassimilates to roots, and even more in mixtures with maple, 
which may greatly reduce its ability to invest in leaf defences. However, in previous studies using the same exper-
iment, we found no such interactive effects of drought and tree species composition treatments on several oak 
or birch leaf traits such as leaf surface, leaf dry matter content or polyphenolics32,39. These results suggest that 
lower growth in non-irrigated birch-oak mixtures was primarily driven by a lower consumption. Altogether, our 
results indicate that tree diversity operates on insect herbivores via different mechanisms that can be only fully 
understood by simultaneously addressing the responses of plant functional traits, herbivore performance and 
feeding behaviour.

Limitations of this study. Caution is needed when extrapolating results from laboratory feeding trials to 
herbivory in the real world. First, herbivores were reported to adapt their feeding behaviour to leaf quality and in 
particular to the induction of anti-herbivore defences. For instance, many herbivores quickly abandon induced 
leaves and move on to non-induced parts of a plant40. Short-term non-choice feeding experiments may fail to cap-
ture the effect of variability in leaf quality and in particular the effects of induced defences that may take time to 
be mounted. In addition, we cannot exclude that leaf excision induced defences that made leaf quality different in 
the laboratory as compared to the field experiment. Although the same approach was applied to all experimental 

Figure 4. Schematic representation of nutritional indices and their ANCOVA equivalents. For each nutritional 
index (shown in bold font, AD: Approximate Digestibility, ECI: Efficiency of Conversion of Ingested food, ECD: 
Efficiency of Conversion of Digested food, RGR: Relative Growth Rate), formula and ANCOVA equivalents are 
shown. The ANCOVA equivalent of AD takes Frass as a response variable and Consumption as a covariate such 
that AD is given by 1 ÷ (F/ΔB). ΔB: leaf biomass consumption, F: Frass production, G: Larval growth (wf − wi).
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treatments, it is possible, in principle, that tree diversity and/or drought affected tree ability to induce defences. 
This possibility will require further investigations in the future. Second, laboratory feeding trials do not include 
the third trophic level, which may overestimate herbivore performance, in particular because herbivores where 
shown to adapt their feeding behaviour and metabolism to predation risk41,42. Despite these limitations, it is 
important to note that because we conducted our experiment in laboratory conditions where only food quality 
differed among treatments such that differences in herbivore consumption and growth were not affected by her-
bivore foraging decisions. Therefore, our results suggest that the interactive effects of tree diversity and irrigation 
on insect herbivory partly results from both neighbour-mediated changes in leaf quality and changes in herbivore 
feeding processes, and not only from differences in herbivore’s host searching behaviour as commonly inferred 
from field studies6,17,19.

Conclusions. Our study adds to the growing body of evidence that tree species diversity influences insect 
herbivory, i.e., the amount of plant biomass removed by herbivores. Herbivory is determined by both the inter-
play between plant quality and defences and the herbivore behaviour and physiology. By addressing tree diversity 
effects on both aspects of herbivory, we provide new insights into our understanding of mechanisms at play. First, 
we demonstrate that herbivore performance on a given tree are partly mediated by the indirect, trait-mediated 
effects of tree neighbours (on leaf quality). Second, we show that tree diversity effects are contingent upon abiotic 
context (i.e. water stress). This observation is consistent with the recent finding that the relationships between 
forest biodiversity and ecosystem functioning are environmental context-dependent43. Third, our comparisons 
among tree composition treatments suggest that trait-mediated effects of neighbours on herbivores under mild 
vs. stressful conditions could partly result from differences in resource (e.g. light and water) acquisition and 
allocation by trees and on the way by which herbivores adapt their consumption and metabolism to their diet. 
Altogether, our results suggest that tree diversity affects patterns of insect herbivory in several different ways and 
that the mechanisms underlying such plant diversity effects on herbivores can be only entirely understood by 
simultaneously investigating the responses of plant functional traits, herbivore performance and feeding behav-
iour. In conclusion, our findings highlight the complexity of climate (e.g. drought) effects on tree-herbivores 
interactions and the need for proper manipulative experiments to feed predictive models.

Materials and Methods
Natural history. Silver birch (Betula pendula, Roth, Betulacea) is a broadleaved woody species widely dis-
tributed across Europe, from the Mediterranean area to central Siberia where it tolerates a large range of climatic 
and edaphic conditions44. It forms mature forests in Northern and Western Europe, while it is a common pioneer 
species in the central and southern parts of its geographical range where the present study was carried out. Leaf 
burst in this species usually occurs in early spring whereas leaf senescence and leaf drop typically starts in late 
summer. Betula pendula is attacked by a large community of insect herbivores, mainly generalist and specialist 
leaf chewers44,45 that may cause significant growth losses, even at low defoliation level.

The Gypsy moth (Lymantria dispar L., Lepidoptera) is a univoltine Lepidoptera (Lymantriidae) native to 
Europe and naturally present in the study area. Lymantria dispar is a generalist defoliator that principaly feeds on 
several broadleaved species and also on conifers. Although the principal host species varies across its geographic 
range, gypsy moth larvae have marked preferences for oaks and birches46.

Experimental design. The ORPHEE experiment. We conducted this study at the ORPHEE tree diversity 
experiment in SW France (44°440N, 00°460W). It is a long-term experiment established in 2008 that aims at 
investigating the effects of tree diversity on forest ecosystem functioning. The experiment consists in eight blocks 
covering 12 ha, with 32 plots in every block corresponding to the 31 possible combinations of one to five tree 
species (Betula pendula, Quercus robur, Q. pyrenaica, Q. ilex and Pinus pinaster), with an additional replicate of 
the five-species plot. Each plot contains 10 rows of 10 trees planted 2 m apart (100 trees). Tree species mixtures 
were established according to a substitutive design, keeping tree density and the identity of tree neighbours equal 
across plots. Within plots, individual trees from different species were planted in a regular alternate pattern, such 
that a tree from a given species has at least one neighbour from each of the other species5.

In the present study, we focused on birch monocultures, two-species mixtures associating birch with pedun-
culate oak or pine, and the mixtures of pedunculate oak, pine and birch, for a total of 32 plots, corresponding to 
4 plots × 8 blocks. These plots were chosen in order to span a large gradient of vertical heterogeneity and canopy 
closure and to associate birch with a broadleaved or a conifer species or both.

Irrigation treatment and water stress. From 2015 on, half of the blocks were irrigated from May to October 
while the other half only received natural rainfall. Mean annual precipitations and temperatures in the study area 
were 876.3 mm and 12.75 °C during the 1996–2016 period. The local climate is characterized by a chronic water 
deficit in summer, hence the non-irrigated blocks experience water stress during two to three month on average 
(mid-June to mid-September). Irrigation treatment consisted in sprinkling ca 42 m³ per night and per block, cor-
responding to ca 3 mm.night−1 per plot. This volume was calculated based on regional climatic data (evapotran-
spiration) and is assumed to avoid any soil water deficit in the irrigated blocks during the entire growing season32.

Feeding trials with Gypsy moth larvae. We tested the effect of tree species composition and irrigation 
treatment on the performance of gypsy moth larvae by using laboratory feeding trials. We obtained first instar lar-
vae from egg masses collected in early 2016 in an outbreak area of South East France. Neonate larvae were reared 
with leaves collected on a single oak tree (Quercus robur, near the ORPHEE experiment) for ca 20 days until they 
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reached the third instar stage. This procedure ensured that all larvae were reared with the same substrate such 
that the comparison among irrigation and composition treatments was not biased by previous rearing conditions.

In May 2016, we randomly sampled three individual birch trees out of the 36 innermost trees of each of the 
32 plots, resulting in a sample size of 96 trees (‘focal trees’ hereafter). We collected one branch with 50–100 leaves 
on each of the focal birch trees with clippers. Branches were pooled per Irrigation × Composition treatment, 
giving a total of 12 branches per treatment (1 branch × 3 birches × 4 replicates for each of the eight treatments). 
We stored branches in pots with water in a dark room maintained at 4 °C for the duration of the laboratory 
experiment. We isolated 96 third instar larvae into individual 20 × 29 × 5 cm plastic boxes for 24 h with no food 
and then weighed them to the closest µg. Twelve of these larvae were randomly assigned to each one of the 
eight Irrigation × Composition treatments consisting in one of the four specific compositions (B: Birch, BQ: 
Birch + Oak, BP: Birch + Pine, BQP: Birch + Oak + Pine), crossed with two levels of irrigation (Irrigated vs. 
Non-irrigated plots). The resulting design was a fully factorial experiment with 12 replicates per treatment.

Every morning, we randomly selected 24 fresh fully expanded and hardened birch leaves per treatment. Each 
caterpillar thus received two new fresh leaves a day, while partially consumed leaves were removed from rearing 
boxes. The experiment was carried out at room temperature (ca 20 °C) and lasted for eight days. Leaves intro-
duced into each rearing box were scanned before and after consumption by Gypsy moth larvae. Small fragments 
of leaves were carefully isolated from frass and scanned together with leaves. Leaf surface was measured from 
scanned images using the software ImageJ. After scanning, consumed leaves from each replicate were transferred 
into paper bags, dried for 48 h at 55 °C and weighed.

We used the leaf area consumed to estimate herbivore food consumption47. At the end of the experiment, larvae 
were kept without food for another 24 h and weighed. Frass cumulated over the time of the experiment was dried 
at 55 °C for 48 h and weighed. Total leaf consumption (mgleaf, dry weight), larval growth (mglarvae, fresh weight) and total 
produced frass (mgfrass, dry weight) were used in analyses of co-variance (ANCOVA) to test the interactive effects of 
composition × irrigation on relative larval growth rate and approximate birch leaf digestibility (see below and Fig. 4).

Nutritional indices. Leaf biomass consumption. Leaf biomass consumption was estimated from leaf area 
consumed by Gypsy moth larvae47. For each treatment i (from 1 to 8) corresponding to the two irrigation and 
four composition treatments, the relationship between leaf surface (S) and leaf biomass (B) was used to estimate 
the amount of biomass consumed (ΔBleaf,i) from the surface removed by larvae (ΔSleaf,i). To establish these allo-
metric relationships we used the remaining leaf surface at day + 1 (Sleaf,i,t+1) and the corresponding biomass (dry 
weight, Bleaf,i,t+1).

We first estimated parameters αi and βi of linear regressions for each treatment (Eq. 1):

= β × + α+ +B S (1)leaf,i,t 1 i leaf,i,t 1 i

We then used treatment-specific parameters αi and βi to estimate ΔBleaf,i from ΔSleaf,i (Eq. 2):

Δ = β × Δ + αB i S i (2)leaf,i leaf,i

where ΔSleaf,i = Sleaf,i,t − Sleaf,i,t+1, that is the leaf area consumed by larvae between day t and t + 1.

Larval growth and nutritional indices. General approach: The classical approach consisting in calculating nutri-
tional ratios48 such as relative growth rate (RGR) to compare diets with ANOVAs has several drawbacks that can 
be solved using analyses of covariance (ANCOVA), where final weight is the response variable, and initial weight 
a covariate49. There are three main reason why ANCOVAs perform better then ANOVAs when analysing this 
type of data50,51: (i) the ability to detect small differences between diets is greater when using ANCOVA, which is 
of particular interest when addressing intraspecific variability in plant quality; (ii) RGR fails to remove the effect 
of initial weight when both initial and final weight are significantly correlated, making ANOVA flawed; (iii) the 
analysis of RGR with ANOVA implicitly assumes that the effect of initial weight on growth is the same whatever 
the diet (i.e., no initial weight × diet interaction), which remains to be demonstrated. Larval growth and perfor-
mance were thus analysed using the ANCOVA equivalent of Waldbauer’s indices48 (Fig. 4).

Larval growth (G, mg day−1): We analysed the effects of irrigation and tree species composition as well as all 
possible two-ways interactions on larval daily growth (i.e., final weight − initial weight, G = [wf − wi]/duration 
of the experiment), with initial larval weight (wi,) as a covariate. This is the ANCOVA equivalent of Relative 
Growth Rate (RGR) index. Significant wi × Treatment interactions (Treatment being Irrigation, Composition or 
their interaction) therefore indicate significant differences in RGR.

Leaf biomass consumption (ΔB, mg day−1): We analysed the effects of irrigation and tree species compo-
sition, as well as all possible two-ways interactions on leaf consumption (ΔBleaf, Eq. 2), with wi as a covariate, 
which is the ANCOVA equivalent of Relative Consumption Rate (RCR) index. Significant wi × Treatment interac-
tions therefore indicate differences in RCR. In the absence of wi × Treatment interactions, significant differences 
among treatments indicate that differences in consumed biomass were independent of caterpillar weight and thus 
resulted from pre-ingestive regulatory mechanisms.

Efficiency of conversion of ingested food into body mass (ECI, mg mg−1): Larval growth is regulated by both 
pre- and post-ingestive processes that can be approximated by accounting for leaf biomass consumption (ΔB, 
mg) and frass production (F, mg). We analysed the effects of biomass consumption, irrigation and tree species 
composition, as well as all possible two- and three-ways interactions on larval growth. ECI is therefore reflected 
by the slope of the regression of growth on leaf biomass consumption, which is the ANCOVA equivalent of 
Waldbauer’s ECI (G/ΔB). If differences in growth among treatments resulted only from pre-ingestive processes, 
there would be no effect of irrigation and composition treatments on growth once consumption is taken into 
account. Otherwise, pre- and post-ingestive processes may be involved. ECI informs on different pre-ingestive 
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regulatory mechanisms among treatments and significant differences in ECI among treatments are detected by 
significant Consumption × Treatment interactions.

Efficiency of conversion of digested biomass (ECD, mg mg−1): Post-digestive mechanisms were detected 
by analysing the effects of irrigation, composition, digested biomass (i.e., consumed biomass – frass mass as a 
covariate) and all two- and three-ways interactions on larval growth. This analysis is the ANCOVA equivalent of 
Waldbauer’s ECD (G/[ΔB − F]). The disappearance of treatment effects on growth once the amount of digested 
food is taken into account as a covariate (i.e., ECD) would indicate that only pre-digestive processes are respon-
sible for differences in growth among treatments. Otherwise, post-digestive (i.e., metabolic) processes may be 
involved as well. Therefore, differential larval growth among treatment is due to post-digestive mechanisms if 
there is a significant interaction between digestive biomass and treatments.

Approximate leaf digestibility (AD, mg mg−1): Mechanisms occurring after ingestion but prior to assimilation 
are detected by the differential amount of frass produced under different Irrigation × Composition treatments. 
We analysed the effects of irrigation, composition, leaf biomass consumption and all two- and three-ways interac-
tions on frass production, which is the ANCOVA equivalent of Waldbauer’s AD (F/ΔB). We used AD as a proxy 
for leaf quality: the greater digestibility, the higher leaf quality. Digestibility differs among treatments if there is a 
significant Consumption × Treatment interaction. AD is given by the coefficient associated with the consumption 
parameter (i.e., regression slope). Coefficient values close to one indicate that most of ingested food is excreted 
(i.e., low digestibility indicating poor leaf quality).

Statistical analyses. All analyses were done in R, version 3.3.152, using base functions and the package 
multcomp53. We used linear models to analyse data from the laboratory experiment. For each response variable 
(G, ΔB, F), we first built a full model including the appropriate covariates, irrigation and tree species composition 
as factors, and all two-ways interactions. We then simplified the initial complete model by sequentially remov-
ing non-significant interactive terms, starting with the least significant term, before reporting model parame-
ter estimates. When there was a significant Irrigation × Composition interaction, contrasts among composition 
treatments were estimated for each irrigation level separately, and contrasts between irrigation treatments were 
estimated for each composition separately. Normality and homogeneity of residuals were assessed graphically and 
response variables were log-transformed whenever necessary in order to satisfy model assumptions. In figures, we 
show raw data and raw means (±SE) rather than model predictions.

Data availability. The dataset generated during the current study is available from the corresponding author 
on reasonable request.
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