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Abstract. Our current understanding of the effect of insect herbivory on ecosystem productivity is limited.
Previous studies have typically quantified only the amount of leaf area loss or have been conducted during
outbreak years when levels of herbivory are much higher than on average. These set-ups often do not take
into account the physiological changes taking place in the remaining plant tissue after insect attack or do not
represent typical, non-outbreak herbivore densities. Here, we estimate the effect of non-outbreak densities of
insect herbivores on gross primary productivity in a temperate oak forest both through leaf area loss and through
changes in leaf gas exchange. We first conduct a meta-analysis to assess evidence of herbivory-induced changes
in photosynthesis in the literature. We then estimate how canopy primary productivity changes with decreasing
and increasing levels of herbivory by using a canopy upscaling model and the average leaf-level effect based on
the literature. The meta-analysis revealed a wide range of effects of herbivory on leaf photosynthesis, ranging
from a reduction of 82 % to an increase of 49 %. On average, herbivory reduces the photosynthetic rate in the
remaining leaf tissue by 16 % [6 %—27 %; 95 % CI]. The gross primary productivity of an oak stand under
normal (5 % leaf area loss) levels of herbivory is estimated on average to be 13 % [5 %—21 %] lower than that
of a non-herbivorized stand, once physiological changes in the intact plant tissue are considered. We propose
that the effect of insect herbivory on primary productivity is non-linear and determined mainly by changes in
leaf gas exchange and the pattern at which herbivory spreads through the canopy. We call for replicated studies
in different systems to validate the relationship between insect herbivory and ecosystem productivity proposed
here.

1 Introduction

By affecting plant abundance, distribution, and physiology,
herbivores can have large impacts on ecosystem carbon stor-
age and cycling (Kurz et al., 2008; Schmitz et al., 2014).
To date, many studies have demonstrated the role of large
grazers and their predators in controlling primary produc-
tivity (Wilmers and Schmitz, 2016; Zimov et al., 2009) or
insect outbreaks in causing large-scale defoliation and tree
mortality (Clark et al., 2010; Edburg et al., 2012; Flower et
al., 2013). Under outbreak densities, the effects of insect her-

bivores on forest carbon cycling can be large enough to shift
the ecosystem from being a carbon sink into a carbon source
(Heliasz et al., 2011; Lund et al., 2017). However, the role
of non-outbreak, “background” densities of insect herbivores
on carbon cycling has received less attention. The ubiquity
of insect herbivory in terrestrial ecosystems and its profound
effects on plant metabolism (Bilgin et al., 2010; Nabity et
al., 2009; Nykénen and Koricheva, 2004) suggest that even
low densities of insect herbivores could have a large impact
on ecosystem carbon sequestration and loss.
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Even low levels of insect herbivory can affect ecosys-
tem carbon cycling through triggering physiological changes
in the host plant. Insect herbivory has been shown to af-
fect rates of photosynthesis beyond leaf area loss (“indirect
effect of herbivory”, as opposed to “direct effect” of leaf
area loss; Bilgin et al., 2010; Meza-Canales et al., 2017;
Nabity et al., 2009; Zangerl et al., 2002). These effects can
sometimes be large, for example, reducing photosynthesis by
80 % in the remaining leaf tissue (Delaney, 2012). The re-
duced photosynthesis has been linked to a shift to secondary
metabolism (defence) at the expense of photosynthesis (Bil-
gin et al., 2010). Despite the evidence showing that insect
herbivory can have large impacts on plant gas exchange,
these physiological plant responses to herbivory have gen-
erally been neglected when estimating the impact of insect
herbivores on ecosystem CO, exchange. This might be be-
cause many of the studies reporting large herbivory-induced
changes in plant gas exchange have been conducted in lab-
oratory or greenhouse settings and on herbaceous species
(Meza-Canales et al., 2017; Zangerl et al., 2002) or on pot-
ted seedlings (Kiviméenpii et al., 2016) and have focused on
investigating the effects on small scales, for example, within
leaves (Zangerl et al., 2002). Consequently, these effects are
rarely taken into account in studies investigating ecosystem-
scale carbon fluxes (but see Visakorpi et al., 2018), which are
often carried out on woody species, over large geographic ar-
eas and using field-based measurements. As a result, we cur-
rently do not have a clear picture of how non-outbreak levels
of insect herbivory affect ecosystem CO; exchange. Ignoring
potential effects of insect herbivory could lead to biased esti-
mations of ecosystem productivity or of the role of forests as
carbon sinks.

In this study, we estimate the effects of insect herbivory
on primary productivity of a temperate forest canopy under
varying levels of insect herbivory. We first search the liter-
ature on previously reported effects of insect herbivory on
plant gas exchange of woody plants and use meta-analysis
to scope how widespread and large these effects are likely to
be. We then propose an approach for incorporating indirect
effects of herbivory into canopy-level models on photosyn-
thesis. We test how the effect of herbivory on canopy pri-
mary productivity depends on the amount of herbivory, the
magnitude of indirect effect, and the pattern at which her-
bivory spreads through the canopy. Specifically, we ask the
following:

1. Based on previous literature, how commonly reported
are indirect effects of herbivory, and under what circum-
stances are they likely to be most pronounced?

2. If indirect effects are prevalent, what is the relationship
between the intensity of herbivory and its impact on
canopy photosynthesis?
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2 Methods

2.1 Literature search

In October 2023, we searched on ISI Web of Science with
the search string (herbivor* OR folivor*) AND (photosynth*
OR “gas exchange”) AND (tree OR seedling OR wood* OR
canopy) AND (experiment* OR treatment OR manipulati*).
This yielded 270 articles, which were then screened by read-
ing the abstract and, if needed, the methods. We included
only studies on woody species (trees, shrubs, and seedlings),
studies that had used manipulation of insect herbivory (ex-
cluding simulated herbivory, mammalian herbivory, and ob-
servational studies), and studies that had measured photosyn-
thesis as gas exchange (excluding, for example, studies us-
ing chlorophyll fluorescence). In addition, we searched the
reference lists of meta-analyses and the articles found di-
rectly through the search. Based on these criteria, we arrived
at 31 papers. Information needed for study-specific effect
size calculations (mean, standard deviation (SD), and sam-
ple size for each treatment group) was available for 26 of
the papers, reporting data for a total of 51 experiments (Ta-
bles Al and A2). Data for study-specific effect size calcula-
tions were extracted from the text, tables, and (if necessary)
from figures. When a paper presented multiple treatments or
experiments (different species, genotypes, herbivory levels,
environmental conditions), we included the results from each
treatment or experiment, yielding multiple effect size esti-
mates for the effect of herbivory per study. When a paper
presented data from one experiment but included repeated
measurements of the same individuals or measurements from
different parts of the plant (e.g. leaves), we averaged the pho-
tosynthetic measurements and estimated the sample size as
the number of individuals per study. From repeated measure-
ments over short time intervals (hours, days), we only ex-
tracted the last measurement point.

We used the extracted data to first estimate the standard-
ized mean difference (SMD) in photosynthesis between the
plants experiencing herbivory and the control plants for each
experiment (Table A3). We estimated an overall effect size
(Hedges’ g) using a random-effects model with a restricted
maximum likelihood estimator for the heterogeneity variance
(%) and a Knapp—Hartung adjustment for estimating the
confidence intervals. We then performed a subgroup analysis
to test the effect of the following parameters on the magni-
tude of the SMD, performing a separate test for each param-
eter: plant clade (angiosperm vs. gymnosperm), plant growth
form (e.g. seedling vs. tree), herbivore order, herbivore feed-
ing guild, and type of measured leaf (intact vs. damaged).
Testing for the significance between groups was done using
a Q test, assuming separate estimates of the heterogeneity
variance per group. We further tested the effect of host plant
phylogeny by estimating mean SMD per host plant species
and calculating phylogenetic signal statistics (Blomberg’s K
and K*, Abouheif’s C mean, Moran’s I, and Pagel’s 1),
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which were tested for the null hypothesis of absence of sig-
nal in the magnitude of the indirect effect by randomization
for K, K*, C mean, and I and by likelihood ratio test for
A (Keck et al., 2016). The host plant phylogeny was built
by pruning a global mega-tree for vascular plants (Jin and
Qian, 2019). To assess publication bias, we plotted the stud-
ies based on their effect size and error and investigated the
resulting spread (“funnel plot”). We also performed Egger’s
regression test, which tests for a bias in meta-analysis results
(Egger et al., 1997) using a corrected standard error formula
proposed by Pustejovsky and Rodgers (2019).

For scaling up leaf-level measurements to a canopy level,
an estimate of proportional change in photosynthesis is re-
quired, rather than the magnitude of the absolute mean dif-
ference between treatment and control. For this, we first es-
timated the proportional reduction or increase in photosyn-
thesis due to herbivory for each study separately by divid-
ing the difference in photosynthetic rate between control and
treatment plants with the photosynthetic rate of the control
plant (i.e. indirect effect of herbivory). We then calculated
the overall mean and 95 % confidence interval (CI) of the in-
direct effect using the inverse variance method for pooling
means across all the experiments. Because the canopy model
we use describes a canopy photosynthesis of a broadleaf tree
species, and because the subgroup analysis identified signif-
icant differences in indirect effect between plant clades (see
Results), we pooled the indirect effects of studies on an-
giosperms only. This pooled estimate was then used in the
subsequent canopy models (see below).

2.2 Simulating the effects of herbivory on canopy-level
photosynthesis

To estimate how insect herbivory might affect the gross pri-
mary productivity of a tree canopy, we scaled up the esti-
mated effects of herbivory from leaf-level measurements to
a canopy scale. For this, we used the JULES big-leaf canopy
model (Clark et al., 2011). In the big-leaf approach, light at-
tenuates through the canopy following Beer’s law (Monsi
and Saeki, 1953), and photosynthesis is assumed to vary
proportionally with changes in light intensity through the
canopy. Leaf photosynthesis is thus expressed as a function
of light-saturated photosynthetic rate (i.e. photosynthesis of
leaves at the top of the canopy when exposed to full sunlight),
leaf area index (i.e. the thickness of the canopy), and light ex-
tinction coefficient (describing how strongly the leaf tissue
absorbs of reflects light). In addition, the model takes into
account daytime respiration, which is assumed to be inhib-
ited by increased light intensity (“Kok effect”; Kok, 1956),
and is estimated using same principles. Daytime canopy net
photosynthesis is then estimated as the integral of leaf-level
photosynthesis over the entire canopy leaf area index (Clark
et al.,2011). The big-leaf model is a relatively simple canopy
model, which does not take into account for example di-
rect and diffuse light through the multiple canopy layers. We
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chose to use this simple model, as we do not have the de-
tailed information on light diffusion or leaf characteristics at
different canopy layers that would be needed to benefit from
a more complex model. Further, since our purpose is to de-
scribe the proportional change in canopy photosynthesis due
to herbivory, using a model that takes into account the dif-
ferent canopy layers would be beneficial only with the infor-
mation on how herbivory is distributed throughout different
canopy layers, how decreasing leaf area due to herbivory af-
fects the proportion of diffuse and direct light or sunflecks,
or how rates of herbivory relate to or affect the distribution
of leaf nitrogen concentration through the canopy. This in-
formation is currently lacking completely.

To estimate photosynthesis of a completely intact canopy,
we used the following equation:

L
l
Pintact = fASat . (K_H) . <e—k'L>
0

_ (0.5 —0.05-In (PAR~e_k‘L)) Ry, (1)

where P is canopy net photosynthesis (as pmolm=2s~! of
ground area), A% is the light-saturated photosynthetic rate,
k is a light extinction coefficient, L is the canopy leaf area
index, [ is the light intensity at the top of the canopy, K is the
light intensity at which photosynthetic rate is half of its max-
imum, and Ry is the dark respiration rate estimated from the
Michaelis—Menten equation. The light extinction coefficient
(k) was set to 0.5 as a previously used estimate for broadleaf
forests (Clark et al., 2011), and photosynthetically active ra-
diation (PAR) was set to 1000 pmol m~2s~! as a standard
daytime light intensity at the top of the canopy.

We added the effect of herbivory to the equation as fol-
lows:

Pherb
L(=h)  (Asat- (1= p)+ Asar- (1 +hi) - p)
-/ () - (et rem) @
0 —(05-0.05-In(l- e FLUFha)) . Ry,

where the light-saturated photosynthetic rate is affected by
the indirect change in photosynthesis (%;) in proportion to the
amount of affected leaves in the canopy (p). Negative values
of h; indicate reduced photosynthesis, whereas positive val-
ues indicate an increased (i.e. compensatory) photosynthe-
sis. Further, herbivory affects the canopy-level photosynthe-
sis by changing the leaf area index, which affects the overall
canopy-level productivity (as reduced photosynthetic tissue),
but also the amount of light available to lower canopy layers.
This was captured by multiplying the leaf area index (L) with
1 —d, where d is the direct effect, i.e. proportion of leaf area
lost at the canopy scale. As some of the previous studies have
shown no effect of herbivory on plant respiration rate (Aldea
et al., 2005; Visakorpi et al., 2018), we assume here that res-
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piration is not affected by herbivory (but see the Discussion
section).

We used Eq. (2) to estimate how different levels of her-
bivory might affect canopy gross primary productivity. As
an example study system, we used previously collected
data from oak (Quercus robur) trees in Wytham Woods,
(51°47'N, 1°20'W; 160ma.s.l.), an ancient semi-natural
woodland located in Oxfordshire, UK. We used previously
measured values for the photosynthetic parameters (Agyt, K,
Ry) and leaf area index (L, Table 1; Fenn, 2010). Our pre-
vious work in this system (Visakorpi et al., 2018) has shown
that photosynthesis of oak was substantially lower in leaves
subjected to herbivory by winter moth (Operophtera bru-
mata) caterpillars than in intact leaves surrounded only by
other intact leaves. Moreover, a similar reduction in photo-
synthetic rate was seen in intact leaves on the same shoots
as the damaged leaves, resulting in an estimated 50 % reduc-
tion in canopy-level photosynthesis. Our previous work was
based on measurements of one herbivore species on 10 trees
during two seasons with similar levels of herbivory and there-
fore represents only a snapshot of the effects insect herbivory
can potentially have on ecosystem productivity. Here, we at-
tempt to explore how the effect of herbivory on canopy gross
primary productivity changes with changing herbivory pres-
sure and magnitude of the indirect effect. To capture the
likely range in the magnitude of the indirect effect of her-
bivory on photosynthesis, this parameter (/;) was set to vary
495 % CI of the average effect based on the studies found
through the literature survey.

2.3 Simulating how herbivory spreads across the
canopy

Many studies on the indirect effects of herbivory have shown
that the herbivory-induced changes in gas exchange can ex-
tend from the eaten leaf to the intact neighbouring leaves
(Mintyla et al., 2008; Visakorpi et al., 2018). For Eq. (2), we
thus modelled the proportion of affected leaves (p) as a sum
of leaves eaten by herbivores (pq) and intact leaves that are
systemically affected (ps), i.e. p = pq + ps. The proportion
of damaged leaves in the canopy (pq) was set to vary between
0 (no herbivory) and 1 (all leaves have signs of herbivory).
We modelled two scenarios: (1) systemically affected leaves
change their photosynthesis to the same extent as damaged
leaves, or (2) systemically affected leaves do not change their
photosynthesis (i.e. p = pq).

To simulate how increasing rates of herbivory affect the
proportion of affected leaves and total canopy-level leaf area
loss, we defined two parameters: the average leaf area loss
per damaged leaf (/1) and the ratio of damaged leaves to sys-
temically affected leaves (pq : ps). We assumed that /) and
pd : ps stay at a constant level until all leaves are affected
(either directly or systemically). For a conservative estimate,
we set ps : pa =0.5; in other words, for each damaged leaf,
we assumed an area of a half a leaf which would be affected
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systemically. After all leaves are affected by herbivores, the
proportion of damaged leaves was set to increase until all
leaves were damaged to the extent of 4;. Finally, we set h
to increase until the tree was completely defoliated. In other
words, we assumed that the herbivory first spreads evenly
to cover all intact, non-affected leaves, then from damaged
leaves to systemically affected leaves, and finally increases
per leaf. Whether this pattern holds depends on how quickly
herbivores are likely to move to a new intact leaf after feeding
on their current leaf (i.e. the parameter /1), which is likely af-
fected by the feeding pattern of the specific herbivore species
and how fast the host tree can start producing defences as a
response to herbivory. We estimated three scenarios for Aj:
10 % (close to the average leaf area loss per leaf found in field
surveys; Gonzélez-Zurdo et al., 2016; Kozlov, 2008; Visako-
rpi et al., 2018), 50 % (i.e. herbivores eat half of a leaf and
then move on to the next leaf), and 1 % (i.e. herbivores make
very little damage per leaf before moving on to feeding on in-
tact leaves). The direct effect of herbivory (i.e. leaf area loss
on the canopy scale, i) is then a product of the proportion of
damaged leaves (pq) and leaf area loss per damaged leaf (4)),
i.e.d = pq-hy. See Table A4 for the summary of the different
scenarios tested.

All analyses were carried out in R version 4.2.2 (R Core
Team, 2022). Extraction of data from images was done
with the package metaDigitise (Pick et al., 2019), and ef-
fect sizes were estimated with package meta (Balduzzi et
al., 2019). Host plant phylogeny was built using packages
V.PhyloMaker (Jin and Qian, 2019), phylobase (Hackathon,
2020), and phylosignal (Keck et al., 2016). The figures were
created with the help of ggplot2 (Wickham, 2009), gridExtra
(Auguie, 2017), and ggpubr (Kassambara, 2019).

3 Results

3.1 Meta-analysis of data extracted from the literature

The studies reported results from 24 different plant and 23
different herbivore species. Most of the plant species were
angiosperms (75 %). The herbivore species belonged to a va-
riety of orders (33 % Lepidoptera, 25 % Coleoptera, 18 %
Hymenoptera) and feeding guilds (57 % chewing, 20 % root-
feeding, 16 % sap-sucking, and 6 % bark-feeding).

Most studies reported negative indirect effects of her-
bivory on photosynthetic rate (35 out of 51 experiments). The
magnitude of the indirect effect ranged widely, from reduc-
tion of 82 % to an increase of 49 %. The standardized mean
difference in photosynthetic rates was —0.52 [—0.93; —0.11,
95 % CI]. The proportion of the variance in study estimates
due to heterogeneity between studies (12, e.g. because of dif-
ferences in experimental design, data analysis, or the treated
population) was large (80.9 %). There were no significant
differences in the magnitude of the indirect effect between
different feeding guilds (Q =1.75, df=4, p=0.78), her-
bivore orders (Q =9.57, df =4, p =0.09), or plant growth
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Table 1. Model parameters used in Eq. (2) to estimate the effects of herbivory on canopy-scale primary productivity. The error is standard

error of the mean (SEM).

Variable Parameter ~ Description Source
Asat 20+2 Light-saturated photosynthetic rate of an intact Visakorpi et al. (2018)
oak leaf, pmolnf2 s~ £ SEM
K 200+30 The light intensity at which oak photosynthesis is half of Visakorpi et al. (2020)
its maximum, pmolm*2 s~1 4+ SEM
Ry 0.4+0.1 Dark respiration rate of oak leaves, umol m~2s~! £ SEM Visakorpi et al. (2018)
L 6.5 Leaf area index, m2 m—2 Fenn (2010)
hj —0.16 [-0.27; —0.06]  Indirect effect, per unit leaf area [95 % CI] Literature survey of this study
hy 0.01, 0.10,0.50  Leaf area eaten per leaf Kozlov (2008), Gonzélez-Zurdo et
al. (2016), Visakorpi et al. (2018)
hg 0-1  Direct effect: leaf area eaten at canopy level, pq - /]
P 0-1  Proportion of leaves in the canopy affected by herbivory, pq + ps
Ds 0-1  Proportion of systemically affected leaves, i.e. intact
leaves neighbouring damaged leaves
Pd 0-1  Proportion of damaged leaves
Ps: Pd 0.5 Ratio of damaged leaves to systemically affected leaves

forms (e.g. seedling vs. tree, Q =1.78, df =3, p=0.62).
The type of leaf measured in the herbivory treatment (dam-
aged leaf vs. intact leaf from an otherwise damaged indi-
vidual) had a marginally significant effect (Q =5.29, df =1,
p =0.07), suggesting that photosynthesis tends to be more
strongly reduced when the measurements were taken from
leaves showing signs of herbivore damage. The magnitude
of indirect effect did differ between plant clades (Q =8.71,
df =1, p =0.003) being more pronounced (and negative) for
angiosperms (Table A3). Host plant phylogeny had otherwise
no effect (Fig. Al). The funnel plot (Fig. A2) and Egger’s
test (intercept = —1.58, SE=0.65, t = —2.43, p =0.02) sug-
gested a negative bias in the meta-analysis results.

The average pooled indirect effect (i.e. proportional
change in photosynthesis) was a reduction of 16 % [—27 %;
—6 %, 95 % CI]. This value was further used to estimate the
effect of herbivory on canopy-scale photosynthesis (see be-
low).

3.2 Estimating effects of herbivory on canopy-scale
photosynthesis

We estimate that under typical levels of herbivory (5 % leaf
area loss on canopy scale; Cebrian, 2004), herbivory might
reduce gross primary productivity (i.e. canopy-scale photo-
synthesis) by 13% [21 %; 5 %, 95 % CI] (assuming h; of
16 %, i.e. the pooled indirect effect across studies). If indi-
rect effects are missing (i.e. the effect of herbivory on pri-
mary productivity is through reduced leaf area alone), the
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same level of herbivory would result in only 0.5 % reduction
in productivity.

When indirect effects are included in the model and if the
average leaf area loss per damaged leaf (k) is low, there is a
clear step change in the effect of herbivory on canopy-level
photosynthesis (Fig. 1). If indirect effects are missing or if
the average leaf area loss per damaged leaf is 100 % (i.e. her-
bivores consume the whole leaf before moving to the next
one), the step change disappears, and the relationship is con-
tinuous and exponential (Fig. 1). Changes in the extent of the
systemic effect, i.e. whether the indirect effect of herbivory
on photosynthesis spreads to the intact neighbouring leaves,
have only a small influence on canopy-level photosynthesis
or the shape of the relationship (Fig. A3).

Ignoring existing indirect effects will result in an erro-
neous estimate of canopy-level gross primary productivity.
If the indirect effect were large (21 %), ignoring it would re-
sult in a 20 %—-28 % error in estimating canopy photosynthe-
sis under typical herbivory levels (i.e. 5 %—15 % of leaf area
loss on canopy scale).

4 Discussion

In this study, we aim to evaluate the effect of typical levels
of insect herbivory on canopy-scale gross primary produc-
tivity by taking into account both herbivory-induced changes
in leaf gas exchange (indirect effects) and leaf area loss (di-
rect effect). Our literature search and meta-analysis revealed
several examples of indirect effects on woody species. The
magnitude of the effect ranged considerably, though the ma-
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Figure 1. The effect of herbivory on canopy-scale photosynthe-
sis as a function of canopy-level leaf area loss, depending on the
magnitude of the indirect effect (h;) and leaf area loss per dam-
aged leaf (). The effect of herbivory on canopy photosynthesis
was calculated as the proportional difference between a situation
with no herbivory (Eq. 1) and one with herbivory included (Eq. 2),
i.e. (Pherb — Pintact)/ Pintact- The blue line describes a scenario of no
indirect effect (h; = 0), and the black line describes a scenario with
the average indirect effect estimated from the literature (reduction
of 16 %). The dashed black lines show the 95 % confidence intervals
for the magnitude of the indirect effect for three different scenarios:
average leaf area loss per damaged leaf (/1) under non-outbreak her-
bivore densities is 10 % (close to what is found in field surveys) (a),
50 % (hypothetically high) (b), and 1 % (hypothetically low) (c).
The thin dotted vertical lines represent the lower and upper bounds
of a typical level of herbivory in temperate forests (5 %—15 % of
canopy-scale leaf area loss; Cebrian, 2004).

jority of the studies reported a reduction in photosynthesis.
When incorporating these effects into a canopy-scale model
on photosynthesis, we estimate that canopy gross primary
productivity can be reduced on average 13 % and up to 21 %
even if leaf area loss is small (5 %). We suggest that the rela-
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tionship between the intensity of herbivory and its effect on
ecosystem productivity is non-linear and described by two
stages: first, a rapid, linear increase in the effect of herbivory
due to the spread of indirect effects in the canopy (suppres-
sion of photosynthesis) and, second, a slower non-linear in-
crease with increasing leaf area loss. We identify two param-
eters that are important in shaping the relationship between
leaf area loss and change in canopy primary productivity:
the magnitude of indirect effect (;) determines the magni-
tude of change in productivity, and average leaf area loss per
damaged leaf (h]) determines the shape of the relationship.
Below, we discuss our findings and suggest ways forward for
clarifying the role insect herbivores can have on ecosystem
productivity.

4.1 The potential effect of insect herbivory on
ecosystem productivity

We suggest that insect herbivores can have a large impact
on forest primary productivity even at a low density. These
“background” levels of insect herbivory have received lit-
tle attention in the literature to date. Instead, many previous
studies on the effects of insect herbivores on ecosystem pro-
ductivity have concentrated on outbreak densities of insects,
reporting considerable losses of carbon from the ecosystem
due to large-scale defoliation and tree mortality (Heliasz et
al., 2011; Kurz et al., 2008; Lund et al., 2017; Schifer et
al., 2010). For example, a gypsy moth outbreak in an oak—
pine forest reduced canopy photosynthesis by 24 % (Schifer
et al., 2010), and moth outbreak in a mountain birch forest re-
duced the strength of the ecosystem carbon sink by 89 % (He-
liasz et al., 2011). In contrast, we estimate a potential reduc-
tion of 13 % in canopy-scale photosynthesis from just 5 % of
leaf area loss. The gross primary productivity of the oak for-
est we used as an example study system has been estimated
to be between 21.1 MgCha~!yr=! (Thomas et al., 2011)
and 21.9Mg Cha~! yr~! (Fenn et al., 2015). This means that
1.1-4.6 Mg Cha~! yr~! of gross primary productivity could
be lost to herbivory even under very low levels of leaf area
loss. In contrast, assuming average carbon content (47.1 %)
and leaf mass per area (63.2 gm_z) of an oak leaf (Visako-
rpi et al., 2020), the carbon lost to herbivores through direct
leaf area loss of 5% is only 0.097 Mg Cha~! yr—!. The “in-
visible” effect of altered photosynthesis can therefore have
a much greater influence on ecosystem carbon balance than
the more visible leaf area loss. Nevertheless, it is important
to emphasize that the results we present are influenced by
the modelling approach we have chosen and the specific pa-
rameters included. We call for replicate field studies to better
understand the magnitude of the effects in natural settings.
A handful of previous studies support our suggestion that
low-intensity insect herbivory can be an important driver of
ecosystem-level processes (e.g. see Metcalfe et al., 2014).
For example, a small increase in low-intensity herbivory
(from 1% to 3 % leaf area loss) in mountain birch (Betula
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pubescens) resulted in a much larger (30 %) reduction in
plant growth (Zvereva et al., 2012). Similarly, a suppression
of herbivory from 4 % to 1 % doubled the biomass produc-
tion in a boreal forest (Shestakov et al., 2020). In a meso-
cosm experiment, the presence of predators led to a lower
consumption of plants by herbivores, resulting in up to a 1.4-
fold increase in carbon retained in the plant biomass, despite
no significant difference in overall plant biomass (Strickland
et al., 2013). Together, these studies suggest that the effect of
herbivory on the ecosystem carbon cycle might be mediated
mostly by the indirect effects of herbivory.

4.2 The relationship between intensity of herbivory and
its effect on ecosystem productivity

Our model suggests that the effect of herbivory on canopy
primary productivity with increasing levels of herbivores is
non-linear, with two distinct stages. First, as the level of her-
bivory increases, the proportion of intact leaves decreases
until all leaves are affected by herbivory (either directly or
through systemic effects). Canopy-level primary productiv-
ity changes quickly and linearly during this phase. After the
point at which all leaves are affected, further changes in
canopy photosynthesis are caused entirely by the direct ef-
fects of leaf area loss, which increases exponentially.

The change between these two phases is unlikely to be
as sharp in actual ecosystems as we predict. Importantly, we
identify that the shape of this relationship likely depends on
how herbivores move through the canopy, especially how
easily they move to feed on new, yet intact, leaf tissue. This
value is likely different for different ecosystems and plant
and herbivore species and could potentially depend on how
fast the host plants trigger the production of induced defences
in the eaten leaf (Edwards and Wratten, 1983).

Supporting our suggestion of a non-linear relationship,
Flower and Gonzalez-Meler (2015) showed in a meta-
analysis how the relationship between pest outbreak inten-
sity and its effect on forest net primary productivity was sig-
moidal rather than linear, though the effects of herbivores
were visible after at least 30 % of the basal area was affected.
More studies including different study systems and species
are needed to validate whether the proposed relationship be-
tween intensity of herbivory and its effect on plant produc-
tivity holds. Where there is strong interannual variability in
herbivory, ecosystem measurements of productivity, such as
eddy covariance approaches, or detailed estimates on tree
growth could be coupled with herbivory measurements to test
this relationship.

4.3 Existing knowledge gaps

In addition to the knowledge gaps identified above, there are
several other aspects of how insect herbivory affects plant
physiology and ecosystem-level processes that would need to
be studied further. Despite our efforts to search the previous
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literature, it remains unresolved how common the indirect ef-
fects of herbivory truly are. This is difficult to assess from the
literature alone, as non-significant results from such studies
are less likely to be published. Our analysis revealed poten-
tial bias in the published results, though it is difficult to say
whether the bias is due to publication bias (i.e. some studies
are less likely published) or because of a large variation in
results between the studies. The between-study heterogene-
ity was indeed large (81 %), and the indirect effect seems to
vary considerably between different experiments. Neverthe-
less, our subgroup analysis was not able to detect any other
significant parameters affecting the magnitude of the indirect
effect other than plant clade (the effect being more negative
for angiosperms), which is likely due to a low overall number
of studies on the topic. Ideally, how common and large indi-
rect effects of herbivory are should be tested experimentally
on several tree species in field settings.

There are also likely to be several compensatory fac-
tors that might influence how herbivory affects ecosystem
productivity which have not been considered in our pre-
dictions. First, the reduced leaf area caused by herbivory
would increase light penetration to lower canopy layers (An-
ten and Ackerly, 2001) and increase canopy light use effi-
ciency (Gough et al., 2013), to a larger extent than captured
in our canopy model. Even though our model accounts for
light diffusion through the canopy and our simulations as-
sume that leaf area index changes with herbivory, a more de-
tailed canopy model taking into account sunlit and shaded
areas could simulate the effects of increased light more accu-
rately. Second, late-season leaf flushes (e.g. “lammas shoots”
on oak) might compensate for lost photosynthesis earlier dur-
ing the growing season (Clark et al., 2010), especially if
more leaves are produced as a response to herbivory. Third,
increased herbivory is likely to also result in increased de-
posits of frass and leaf fragments and nutrient leaching from
damaged leaves. The increased nutrient cycling and inter-
ception of light through the canopy could increase forest
productivity and compensate for the loss of carbon to her-
bivory on an ecosystem scale (Costilow et al., 2017; Gough
et al., 2013; Lund et al., 2017). Finally, insect feeding can
increase transport of photosynthetic end products away from
certain leaves and thereby reduce the negative effects of her-
bivory on photosynthesis (Retuerto et al., 2004; Schwachtje
and Baldwin, 2008). These types of sink—source dynamics
might change the distribution of photosynthetic efficiency
within the canopy, resulting in higher photosynthetic rates
in other parts of the canopy. In general, compensatory pro-
cesses might explain why some models and flux tower mea-
surements have failed to notice effects of insect defoliation
beyond the impact of leaf area loss (Cook et al., 2008).

Herbivory is likely to also affect other aspects of plant
metabolism, especially respiration rate, though the effects of
herbivory on leaf, stem, or root respiration remain largely
unknown. Herbivory can increase plant respiration (Cook et
al., 2008; Strickland et al., 2013), for example, as a response
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to repair of damaged tissue, or respiration might follow pho-
tosynthetic rate and either increase or decrease to a simi-
lar extent (Whitehead et al., 2004). Increased leaf herbivory
could increase carbon allocation to roots (Dyer et al., 1991),
which might increase root respiration (Holland et al., 1996).
If respiration were significantly increased by herbivory, the
overall net primary productivity of the canopy would be im-
pacted even more than in the case where only photosynthesis
is reduced.

5 Conclusions

We suggest that insect herbivores, even at low densities,
might have a considerable effect on ecosystem primary pro-
ductivity through indirect changes in the rates of canopy gas
exchange. If this is the case, forest ecosystems might natu-
rally be in a state where photosynthesis is reduced by her-
bivory. The relationship between the intensity of herbivory
and its effects on the host plant is likely non-linear. At typ-
ical herbivore densities (~ 5 % leaf area loss), the effect of
herbivory on canopy photosynthesis is primarily driven by
changes in leaf gas exchange in the remaining leaf tissue,
while the contribution of leaf area loss increases with in-
creasing herbivore abundances. We predict that comparisons
of primary productivity between completely intact plants and
plants with even a small amount of herbivory-inflicted dam-
age could yield large estimates on the effects of herbivory
on plant productivity. On the other hand, comparisons be-
tween plants experiencing low (but non-zero) and high lev-
els of herbivory might result in lower estimates on the ef-
fect of herbivory. The distributions and abundances of in-
sect herbivores are likely to change in the future (Ayres and
Lombardero, 2000; Kurz et al., 2008), with increasing tem-
perature (Bale et al., 2002), CO, concentration (Stiling et
al., 2009), drought (Gaylord et al., 2013), and advancing phe-
nology (Charmantier et al., 2008) affecting the intensity of
herbivory differently. Quantifying the effect of insect herbi-
vores on carbon cycling is therefore an intriguing and im-
portant avenue of research. We call for replicate field studies
on the effects of insect herbivory on ecosystem productivity
to validate whether the model-based results hold in natural
settings.
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Appendix A: Additional figures and tables
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Figure A1. The magnitude of the indirect effect based on the
host plant phylogeny. The black bars correspond to the standard-
ized mean difference per species estimated based on the meta-
analysis. Host plant phylogenetic tree is shown to the left and host
plant name to the right. The significance of the phylogenetic effect
was tested by estimating different phylogenetic signal metrics (C
mean=—0.34, p=0.99; I = —0.09, p =0.92; K =0.15, p =0.86,
K*=0.20, p=0.85; 2 <0.001, p=1).
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Figure A2. Funnel plot for estimating publication bias in the meta-analysis. The grey dots are the 51 experiments included in the meta-
analysis (see Table A1), plotted by their effect size (SMD) and standard error. Studies that fall into the grey-shaded areas report significant
(p <0.05 for dark grey, p <0.01 for light grey) results. The triangle of dotted lines shows the expected distribution of studies without any
publication bias (i.e. reported effect sizes closer to the estimated mean in studies with smaller error).
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Figure A3. The influence of the extent of systemic effect on how
herbivory affects canopy photosynthesis, shown for the range 0 %—
15 % canopy leaf area loss. The grey line corresponds to the black
line in Fig. 1a (hj = 16 % and h) = 10 %), and systemically affected
leaves (i.e. intact leaves neighbouring damaged leaves) reduce their
photosynthesis to the same extent as damaged leaves. The green line
corresponds to a situation where systemic effects are missing (i.e.
only damaged leaves reduce their photosynthesis).
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Figure A4. The relationship between leaf area index (L), leaf area
loss, and the amount of light at the bottom of the canopy when the
light intensity is 1000 pmolm_2 s~ PAR at the top.
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Table A1. Overview of the studies from the literature survey included in the meta-analysis. Results from the literature survey on the extent of
indirect effects of herbivory on the photosynthetic rate of woody plants. Shown are studies from which it was possible to extract data for the
meta-analysis. Plant clade: A — angiosperm, G — gymnosperm. Indirect effect is reported as percent reduction or increase in photosynthetic
rate in treated plant or leaf compared to the control. “Leaf type” identifies whether the measurements were taken from a damaged plant part
or from an intact leaf from an otherwise damaged individual. If a study reported several experiments on the same plant-herbivore species
pair, these are identified in the “Experiment” column. All manipulations are additions of herbivory, expect Wagner et al. (2020) and Lei
and Wilson (2004), in which the manipulation was removal of herbivory by insecticide. The table is ordered by increasing magnitude of the
indirect effect.

Plant species Plant  Growth  Herbivore Herbivore order ~ Feeding Leaf Experiment (if Indirect ~ Reference
clade form species and family guild type several per study) effect
[%]

Nerium oleander A shrub Spodoptera eridania Lepidoptera: chewing damaged —0.82  Delaney (2012)
Noctuidae

Hevea brasiliensis A seedling  Calacarus heveae Acari: sap-sucking ~ damaged  genotype 2 —0.73  Daud et al. (2012)
Eriophyidae

Quercus robur A seedling  Lymantria dispar Lepidoptera: chewing damaged  watered —0.65 Pilipovi¢ et al. (2020)
Erebidae

Tamarix spp. A seedling  Diorhabda carinulata Coleoptera: chewing damaged —0.60  Snyder (2003)
Chrysomelidae

Betula pubescens ssp. A tree Epirrita autumnata Lepidoptera: chewing intact —0.58  Mintyld et al. (2008)

czerepanovii Geometridae

Conocarpus erectus A tree Diaprepes abbreviatus Coleoptera: root-feeding  unclear experiment 1 —0.57 Diaz et al. (2006)
Curculionidae

Hevea brasiliensis A seedling  Calacarus heveae Acari: sap-sucking ~ damaged  genotype 1 —0.56  Daud et al. (2012)
Eriophyidae

Eugenia uniflora A tree Diaprepes abbreviatus Coleoptera: root-feeding  intact —0.53  Martin et al. (2009)
Curculionidae

Quercus robur A tree Operophtera brumata Lepidoptera: chewing damaged —0.45  Visakorpi et al. (2018)
Geometridae

Hibiscus arnottianus A shrub Sophonia orientalis Hemiptera: chewing damaged —0.40  Avanesyan et al. (2019)
Cicadellidae

Quercus robur A tree Operophtera brumata Lepidoptera: chewing intact —0.37  Visakorpi et al. (2018)
Geometridae

Quercus coccifera A shrub Lymantria dispar Lepidoptera: chewing damaged —0.30 Fyllas et al. (2022)
Erebidae

Populus tremuloides A seedling  Phyllocnistis populiella Lepidoptera: leaf-mining damaged —0.30  Wagner et al. (2020)
Gracillariidae

Conocarpus erectus A tree Diaprepes abbreviatus Coleoptera: root-feeding  unclear experiment 2 —0.26  Diaz et al. (2006)
Curculionidae

Poncirus trifoliata A sapling  Diaprepes abbreviatus Coleoptera: root-feeding  intact —0.24 Martin et al. (2011)
Curculionidae

Acer saccharum A tree Taeniothrips inconsequens ~ Thysanoptera: sap-sucking ~ damaged early-season —0.22  Ellsworth et al. (1994)
Thripidae

Acer pseudoplatanus A seedling  Ossiannilssonola callosa Hemiptera: sap-sucking  damaged —0.22  Warrington et al. (1989)
Cicadellidae

Conocarpus erectus A tree Diaprepes abbreviatus Coleoptera: root-feeding  unclear experiment 3 —0.21  Diaz et al. (2006)

Curculionidae

Pinus sylvestris G seedling  Acantholyda posticalis Hymenoptera: chewing intact elevated ozone + —0.19  Kivimdenpéi et al. (2016)

Pamphiliidae temperature +
nitrogen

Gossypium herbaceum A shrub Agriotes lineatus Coleoptera: root-feeding  intact —0.17  Bezemer et al. (2003)
Elateridae

Pinus sylvestris G seedling  Hylobius abietis Coleoptera: bark-feeding  damaged —0.15  Heijari et al. (2011)
Curculionidae

Guaiacum sanctum A tree Toumeyella sp Hemiptera: bark-feeding  intact sun —0.12  Schaffer and Mason(1990)
Coccidae

Alnus glutinosa A seedling  Monsoma pulveratum Hymenoptera: chewing damaged —0.12  Copolovici et al. (2011)
Tenthredinidae

Quercus virginiana A tree Diaprepes abbreviatus Coleoptera: root-feeding  unclear experiment 1 —0.10  Diaz et al. (2006)
Curculionidae

Guaiacum sanctum A tree Toumeyella sp Hemiptera: bark-feeding  intact shade —0.10  Schaffer and Mason (1990)
Coccidae

Gossypium herbaceum A shrub Spodoptera exigua Lepidoptera: chewing unclear —0.10  Bezemer et al. (2003)
Noctuidae
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Plant species Plant Growth  Herbivore Herbivore order ~ Feeding Leaf Experiment (if Indirect Reference
clade form species and family guild type several per study) effect
[%]

Swietenia mahagoni A tree Diaprepes abbreviatus Coleoptera: root-feeding  intact —0.08 Martin et al. (2009)
Curculionidae

Pinus sylvestris G seedling  Acantholyda posticalis Hymenoptera: chewing intact elevated ozone —0.08 Kivimidenpdi et al. (2016)
Pamphiliidae + nitrogen

Pinus sylvestris G seedling  Acantholyda posticalis Hymenoptera: chewing intact elevated ozone —0.06 Kivimienpii et al. (2016)
Pamphiliidae

Camellia sinensis A shrub Sophonia orientalis Hemiptera: chewing damaged —0.06  Avanesyan et al. (2019)
Cicadellidae

Conocarpus erectus A sapling  Diaprepes abbreviatus Coleoptera: root-feeding  intact —0.06  Martin et al. (2011)
Curculionidae

Pinus sylvestris G seedling  Acantholyda posticalis Hymenoptera: chewing intact nitrogen added —0.06 Kivimienpid et al. (2016)
Pamphiliidae

Gossypium hirsutum A shrub Thrips tabaci and Thysanoptera: sap-sucking  unclear —0.05 Lei and Wilson (2004)

Frankliniella schultzei Thripidae

Pinus sylvestris G seedling  Acantholyda posticalis Hymenoptera: chewing intact elevated —0.05 Kivimienpid et al. (2016)

Pamphiliidae temperature
+ nitrogen

Acer saccharum A tree Taeniothrips inconsequens ~ Thysanoptera: sap-sucking ~ damaged late-season, —0.04  Ellsworth et al. (1994)
Thripidae experiment 1

Pseudotsuga menziesii G seedling  Choristoneura occidentalis ~ Lepidoptera: chewing intact resistant —0.03  Chenetal. (2001)

var. glauca Tortricidae genotype

Quercus robur A seedling  Lymantria dispar Lepidoptera: chewing damaged  drought —0.01  Pilipovi¢ et al. (2020)
Erebidae

Pinus sylvestris G seedling  Acantholyda posticalis Hymenoptera: chewing intact control 0.01  Kivimienpé et al. (2016)
Pamphiliidae

Pinus sylvestris G seedling  Acantholyda posticalis Hymenoptera: chewing intact elevated 0.03  Kivimdenpdi et al. (2016)
Pamphiliidae temperature

Quercus pubescens A tree Lymantria dispar Lepidoptera: chewing damaged 0.05 Fyllas et al. (2022)
Erebidae

Pinus sylvestris G seedling  Acantholyda posticalis Hymenoptera: chewing intact elevated ozone 0.05 Kivimdenpai et al. (2016)
Pamphiliidae and temperature

Acer saccharum A tree Taeniothrips inconsequens ~ Thysanoptera: sap-sucking ~ damaged late-season, 0.07  Ellsworth et al. (1994)
Thripidae experiment 2

Pseudotsuga menziesii G seedling  Choristoneura occidentalis  Lepidoptera: chewing intact susceptible 0.08  Chen et al. (2001)

var. glauca Tortricidae genotype

Alnus glutinosa A seedling  Cabera pusaria Lepidoptera: chewing damaged 0.11  Copolovici et al. (2011)
Geometridae

Pseudotsuga menziesii G seedling  Choristoneura occidentalis  Lepidoptera: chewing damaged  low defoliation 0.14  Kolb et al. (1999)

var. glauca Tortricidae

Populus tremuloides A tree Malacosoma disstria Lepidoptera: chewing intact high nutrients 0.17  Stevens et al. (2008)
Lasiocampidae

Pseudotsuga menziesii G seedling  Choristoneura occidentalis ~ Lepidoptera: chewing damaged  heavy defoliation 0.28 Kolbetal. (1999)

var. glauca Tortricidae

Conocarpus erectus A tree Diaprepes abbreviatus Coleoptera: root-feeding  intact 0.34  Martin et al. (2009)
Curculionidae

Populus tremuloides A tree Malacosoma disstria Lepidoptera: chewing intact low nutrients 0.36  Stevens et al. (2008)
Lasiocampidae

Malus domestica A seedling  Aphis pomi Hemiptera: sap-sucking ~ damaged 0.45  Pincebourde and Ngao (2021)
Aphididae

Eucalyptus globulus A seedling  Paropsisterna agricola Coleoptera: chewing intact 0.49  Quentin et al. (2010)
Chrysomelidae
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Table A2. The results from the meta-analysis, shown here for the standardized mean difference in photosynthesis between control plants
and plants experiencing herbivory, separately for angiosperms and gymnosperms. “Experimental” mean, SD, and total refer to the mean
photosynthetic rate, standard deviation, and sample size of leaves in the herbivory treatment, and “Control” refers to the leaves or plants that
have been kept intact in the experiments. “Weight” refers to how much the results from that particular study influence the overall effect size.
“Standard mean difference” and the corresponding 95 % confidence intervals (CI) refer to the absolute difference in photosynthetic rates
between intact plants and plants experiencing herbivory. Negative values mean a reduction in photosynthesis due to herbivory. Green boxes
present the standardized mean difference (SMD) per study with 95 % CI. The black diamond at the bottom of the graph shows the mean

pooled SMD.

Study or Experimental Control Std. Mean Difference Std. Mean Difference

subgroup mean SD total mean SD total weight IV, random, 95% CI IV, random, 95% CI

Avanesyan et al 2019, C.sinensis 6.20 2.6454 6 6.60 25475 6 20% -0.14[-1.28; 0.99]

Avanesyan et al 2019, H.arnottianus 587 2.8185 7 977 26417 7 20% -1.34[-2.53;-0.14]

Bezemer et al 2003, A.lineatus 9.30 34785 10 11.20 3.1623 10 2.2% -0.55[-1.44; 0.35]

Bezemer et al 2003, S.exigua 10.10 22136 10 11.20 3.1623 10 2.2% -0.39[-1.27; 0.50]

Copolovici et al 2011 18.96 1.8182 4 17.08 1.6883 4 17% 0.93[-0.59; 2.45]

Copolovici et al 2014 10.00 0.5443 6 11.33 0.5443 6 1.7% -2.26[-3.83;-0.69]

Daud et al 2012 gt1 270 13266 11 6.10 23216 11 21% -1.73[-2.74;,-0.72]

Daud et al 2012 gt2 2.00 0.9000 9 7.40 24000 9 1.8% -2.84[-4.23;-1.45]

Delaney 2012 1.55 0.8700 9 8.73 4.5300 9 20% -2.10[-3.30; -0.89]

Diaz et al 2006, exp2 7.44 15910 16 10.00 2.1213 8 21% -1.39[-2.34;-0.44]

Diaz et al 2006, exp1, C.sinensis 4.34 3.8790 8 10.06 1.5193 8 1.9% -1.83[-3.05; -0.61]

Diaz et al 2006, exp3 8.00 3.9284 8 10.10 1.6656 8 21% -0.66[-1.67; 0.36]

Diaz et al 2006, exp1, Q.virginiana 11.08 1.7916 16 12.37 2.0253 8 22% -067[-1.54; 0.20]

Ellsworth et al1994, early season 591 1.0748 8 7.61 0.9051 8 20% -1.62[-2.79; -0.45]

Ellsworth et al 1994, exp1 6.94 1.9800 4 7.22 0.7000 4 18% -0.16[-1.55; 1.23]

Ellsworth et al 1994, exp2 8.47 1.3576 8 7.93 15274 8 21% 0.35[-0.64; 1.34]

Fyllas et al 2022, Q.coccifera 1049 06641 10 15.07 16128 10 1.7% -3.56[-5.06; -2.05]

Fyllas et al 2022, Q.pubescens 15.11 1.0119 10 1445 06325 10 22% 0.75[-0.16; 1.66]

Lei & Wilson 2004 23.01 7.8300 6 24.22 8.6200 6 20% -0.14[-1.27; 1.00]

Mantyla et al 2008 2.38 8.9588 9 564 49612 8 21% -042[-1.39; 0.55]

Martin et al 2009, C.erectus 10.73 1.3000 6 8.00 1.8667 6 18% 1.57[ 0.21; 2.93]

Martin et al 2009, E.uniflora 5.77 1.0909 6 12.27 1.2273 6 1.0% -5.17[-7.90; -2.43]

Martin et al 2009, S.mahagoni 6.16 2.6842 6 6.68 21579 6 20% -020[-1.34; 0.94]

Martin et al 2011, C.erectus 3.86 1.2857 5 410 1.0476 5 19% -0.18[-1.43; 1.06]

Martin et al 2011, P.trifoliata 2.86 1.1429 5 3.76 1.0952 5 19% -0.73[-2.03; 0.57]

Pilipovic et al 2020, drought 3.60 0.7125 8 3.64 06125 8 21% -0.05[-1.03; 0.93]

Pilipovic et al 2020, watered 2.27 0.4750 8 6.42 0.5500 8 0.8% -7.63[-10.81; —-4.46]

Pincepourde et al 2021 12.32 24251 23 850 3.0277 24 23% 1.36][ 0.72; 2.00]

Quentin et al 2010 11.78 1.6792 8 7.93 15743 8 19% 224 0.92; 3.56] :

Schaffer & Mason 1990, shade 2445 20328 5 27.27 3.6590 5 19% -0.86[-2.19; 0.47]

Schaffer & Mason 1990, sun 2218 0.7115 5 25.32 1.9311 5 16% -1.95[-3.59;-0.30] —I:I:

Snyder et al 2010 2.67 3.5611 5 6.70 4.9690 5 19% -0.84[-2.17; 0.48] :

Stevens et al 200, high nutrients 21.38 16771 151820 1.8576 15 22% 1.74[ 0.89; 2.60] | =

Stevens et al 200, low nutrients 18.37 1.7609 15 1347 20694 15 21% 248 1.50; 3.46] L 3

Visakorpi et al 2018, damaged leaf 10.80 5.0596 10 19.80 6.9570 10 21% -1.42[-2.42;-041] =

Visakorpi et al 2018, systemic leaf 12.50 6.0083 10 19.80 6.9570 10 2.1% -1.08[-2.03;-0.12] =

Wagner et al 2020 9.22 55902 20 13.12 34939 20 2.3% -0.82[-1.47;-0.17] =

Warrington et al 1989 418 0.4696 5 5.37 05027 7 1.7% -2.24[-3.82;-0.67] =
erogeneity: Tau® = 2.027 =236.25, df = 37 =84

Chen et al 2001, suspectible gt 720 31012 72 6.66 3.0995 72 25% 0.17[-0.15; 0.50]

Chen et al 2001, resistant gt 6.80 29045 72 7.00 27144 72 25% -0.07[-0.40; 0.25]

Heijari et al 2011 9.17 21.2981 8 10.84 21.1131 7 21% -0.07[-1.09; 0.94]

Kivimaenpaa et al 2016, control 414 06118 4 412 0.8471 4 18% 0.03[-1.36; 1.41]

Kivimaenpaa et al 2016, nitrogen 3.88 0.5647 4 412 0.3294 4 18% -0.44[-1.86; 0.97]

Kivimaenpaa et al 2016, ozone+temperature 3.80 0.5647 4 3.61 0.4000 4 18% 0.33[-1.07; 1.74]

Kivimaenpaa et al 2016, ozone 3.82 0.5176 4 4.07 0.4706 4 18% -0.43[-1.85; 0.98]

Kivimaenpaa et al 2016, temperature+nitrogen 3.35 0.6118 4 3.52 0.4471 4 18% -0.27[-1.66; 1.13]

Kivimaenpaa et al 2016, temperature 3.33 1.2000 4 325 1.0353 4 18% 0.06[-1.32; 1.45]

Kivimaenpaa et al 2016, ozone+temperature+nitrogen 3.59 0.7765 4 441 08471 4 1.7% -0.88[-2.39; 0.63]

Kivimaenpaa et al 2016, ozone+nitrogen 3.81 0.8941 4 413 0.8471 4 18% -0.32[-1.72; 1.09]

Kolb et al 1999, heavy defoliation 482 40662 96 3.78 33705 96 2.5% 0.28[-0.01; 0.56]

Kolb et al 1999, low defoliation 432 36742 96 378 33705 96 25% 0.15[-0.13; 0.44]
erogeneity: Tau® = 0; Chi“ = 6.46, df = 12 (P = 0.89); I =

Total (95% Cl) 716 701 100.0% -0.52 [ -0.93; —-0.12]

Heterogeneity: Tau? = 1.3462; Chi% = 261.43, df = 50 (P <0.01); 1= 81%

Test for subgroup differences: Chi = 8.71,df =1 (P <0.01)

-10 -5 0 5 10
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Table A3. Results from subgroup analysis: “k” is the number of experiments per subgroup, SDM refers to the standardized mean difference
in that subgroup, and the 95 % ClIs are the confidence intervals for that mean difference. 2 describes the between-study heterogeneity
variance within subgroups. / 2 refers to the heterogeneity in results within that subgroup.

Subgroup k SDM 95 % CI 72 0 1?
Herbivore order: Hemiptera 6 —-0.74 [—2.17;0.69] 1.57 1.25 37.06
Herbivore order: Coleoptera 13 —-0.50 [—1.39;0.39] 1.30 1.1 46.34
Herbivore order: Lepidoptera 17 —-043 [—1.43;0.57] 2.65 1.63 125.43
Herbivore order: Hymenoptera 9 —-041 [—-0.96;0.14] <0.0001 0.002 7.68
Herbivore order: Acari 2 =217 [—9.07;4.72] 0.23 0.48 1.6
Herbivore order: Thysanoptera 4  —-0.37 [—1.74; 1.00] 0.42 0.65 6.65
Feeding guild: chewing 29 -0.33 [—0.92;0.27] 1.57 1.25 147.36
Feeding guild: root-feeding 10 —-0.75 [—1.70;0.20] 0.82 0.91 27.81
Feeding guild: sap-sucking 8 —0.81 [—2.02;0.41] 1.81 1.35 58.86
Feeding guild: bark-feeding 3 —0.80 [—3.07; 1.46] 0.38 0.62 3.72
Feeding guild: leaf-mining 1 —-0.82 [-1.47;,-0.17] - - 0
Plant clade: A 38 —-0.72 [-1.27;-0.16] 2.03 142 236.25
Plant clade: G 13 0.11 [—0.01;0.23] 0 0 6.46
Plant growth form: shrub 7 —-1.09 [—2.21;0.03] 1.02 1.01 21.65
Plant growth form: seedling 24 —042 [—1.04;0.21] 1.26 1.12  111.29
Plant growth form: tree 18 —-0.45 [—1.23;0.33] 1.79 1.34 107.76
Plant growth form: sapling 2 —044 [—3.91;3.02] 0 0 0.35
Leaf type: damaged 22 —0.9 [—1.66; —0.18] 1.88 1.37 150.76
Leaf type: intact 23 —-0.07 [—0.63;0.50] 1.08 1.04 89.12
Leaf type: unclear 6 —0.81 [—1.42;-0.19] 0.05 0.22 6.57

Table A4. Summary of the different herbivory scenarios tested. To investigate the relationship between the intensity of insect herbivory and
its effect on canopy-scale photosynthesis, we simulated different scenarios by changing the values of the model parameters. The table below
summarizes the different scenarios tested and the corresponding results.

Change in a parameter Options

See results

Magnitude of the indirect effect (h;)

average h; (16 %) with 95 % CI

Figure 1 black solid (average) and
dashed (95 % CI) lines

Average leaf area loss per leaf (h))

no h; (0 %) Figure 1 blue line
average hy (10 %) Figure la
low A1 (1 %) Figure 1b
high iy (50 %) Figure 1c

The extent of the systemic effects (ps)

indirect effect in systemic leaves as high

Figures 1 and A4 grey line

as in damaged leaves (p = ps + pq)

no systemic effect (p = pq)

Figure A3 green line

Code and data availability. The data to perform the meta-
analysis and R code to reproduce the analyses are available on Zen-
odo at https://doi.org/10.5281/zenodo.13886133 (Visakorpi, 2024).
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