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ABSTRACT

The performance of herbivorous animals depends on the nutritional and defensive traits of the plants they consume. The uptake
and deposition of biogenic silicon in plant tissues is arguably the most basic and ubiquitous anti-herbivore defence used by plants,
especially grasses. We conducted meta-analyses of 150 studies reporting how vertebrate and invertebrate herbivores performed
when feeding on silicon-rich plants relative to those feeding on low-silicon plants. Silicon levels were 52% higher and 32% more
variable in silicon-rich plants compared to plants with low silicon, which resulted in an overall 33% decline in herbivore per-
formance. Fluid-feeding herbivore performance was less adversely impacted (—14%) than tissue-chewing herbivores, including
mammals (—45%), chewing arthropods (—33%) and plant-boring arthropods (—39%). Fluid-feeding arthropods with a wide diet
breadth or those feeding on perennial plant species were mostly unaffected by silicon defences. Unlike many other plant de-
fences, where diet specialisation often helps herbivores overcome their effects, silicon negatively impacts chewing herbivores
regardless of diet breadth. We conclude that silicon defences primarily target chewing herbivores and impact vertebrate and
invertebrate herbivores to a similar degree.

1 | Introduction soil via passive and active mechanisms (Ma and Yamaji 2015).

For the Poaceae, of which three species (rice, wheat and

The evolution of anti-herbivore defensive and nutritional
traits is often proposed as the reason ‘why the world is green’
(Hartley and Jones 1997). Defensive traits include a myriad
of chemicals (toxins and digestibility reducers) and physi-
cal structures (e.g., spines, tissue toughness) that deter her-
bivory and/or reduce herbivore performance (Denno and
McClure 1983). Many plants accumulate significant amounts
of biogenic silicon in their tissues, which is taken up from the

maize) provide 42% of human calories (Deutsch et al. 2018),
silicon concentrations are usually higher than any other in-
organic constituent (Raven 1983b). While controversies re-
main about the role of silicon in plants, there is consensus
that it alleviates a diverse range of biotic and abiotic stresses
(Coskun et al. 2019) and is the key defence against both ver-
tebrate (Hartley and DeGabriel 2016) and invertebrate her-
bivores (Reynolds, Keeping, and Meyer 2009; Alhousari and
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Greger 2018). Defence mechanisms include silicon deposition
between and within cell walls conferring physical resistance
to herbivory (Massey and Hartley 2009). Silicon may also form
discrete structures (e.g., opaline phytoliths) on the leaf sur-
face which can interfere with feeding, wear down mouthparts
and reduce nutrient acquisition by herbivores once ingested
(Andama et al. 2020; Johnson et al. 2021). Silicon may also
interact with herbivore defence phytohormonal pathways to
optimise or enhance the production of a broader range of sec-
ondary metabolite defences (Ye et al. 2013; Hall et al. 2019).

There are many empirical studies reporting that plant sili-
con reduces herbivore performance, but there is consider-
able variation in how herbivores are affected, ranging from
being highly negative (e.g., Nikpay et al. 2015), neutral (e.g.,
DoGramaci et al. 2013) and even beneficial when increased
silicon supply stimulates plant growth and nutritional qual-
ity (e.g., Johnson et al. 2017). Moreover, some empirical stud-
ies reported that herbivores responded differently depending
on the mode of feeding and speculated about the potential
reasons (e.g., Massey, Ennos, and Hartley 2006; Johnson
et al. 2021). Such empirical studies have been summarised
in several descriptive reviews about plant silicon defences
against invertebrate herbivores (e.g., Reynolds, Keeping, and
Meyer 2009; Debona, Rodrigues, and Datnoff 2017; Alhousari
and Greger 2018). There has, however, been no robust quan-
titative meta-analysis of silicon accumulation in plants and
herbivore performance to establish patterns for different plant
and herbivore functional groups. For example, it is unclear
whether there are global models for how different types of
herbivores (e.g., different feeding guilds or diet specialisation)
respond to silicon defences or whether plant growth strategy
(e.g., annual vs. perennial) matters when it comes to silicon
defences. Nor is it known whether the body size of herbivores
(e.g., mammalian grazers vs. invertebrates) influences the ef-
fectiveness of plant silicon defences.

Most studies considering plant defence traits and herbivore
performance focus on the mean value and magnitude of both
(Pearse, Paul, and Ode 2018). There is growing evidence,
however, that variance in plant defences and traits (Wetzel
et al. 2016; Pearse, Paul, and Ode 2018; Thiel et al. 2020) is an
important, but largely overlooked, factor that reduces herbivore
performance (Wetzel and Whitehead 2020). Variability in these
traits, both at the individual plant and community level, could
suppress herbivore fitness in several ways, including diversified
chemical defences and increased frequency of non-host plants
(Denno and McClure 1983). This variability primarily operates
by reducing the selection pressure and opportunities for her-
bivores to develop and adapt to their effects. We therefore in-
cluded variation in plant defence and herbivore performance in
our meta-analysis. In summary, this is the first meta-analysis
of plant silicon defences against herbivores and the first meta-
analysis to incorporate variability in the broader area of plant-
herbivore interactions.

The objective of this meta-analysis was to identify patterns
in silicon defences, acting against both vertebrate and inver-
tebrate herbivores, in a quantitative manner. We determined
whether the effectiveness of silicon defences on herbivore per-
formance differed depending on (1) herbivore feeding guild, (2)

herbivore diet specialisation [specialist vs. generalist], (3) plant
lifespan [annual vs. perennial] and (4) whether herbivores fed
on Poaceae or non-Poaceae species. We also sought to exam-
ine variability in both silicon accumulation and herbivore per-
formance to establish whether this potentially played a role
in herbivore suppression. To achieve this, we considered both
the mean effect sizes (the log response ratio [InRR]) and the
ratio of standard deviations (SDs) under comparison (log vari-
ation ratio [InVR]) (Senior, Viechtbauer, and Nakagawa 2020)
which, to our knowledge, has not been attempted in meta-
analyses of plant-herbivore interactions. The conceptual
framework for this approach, visualised in Figure 1, hy-
pothesises that herbivore performance will decrease when

A Impacts of silicon defence on herbivore performance
((Feeding on +Si plants ) ("Feeding on -Si plants )

a. consistent and very
R

negative impacts.
very large InRR, small InVR >
b. negative impacts with similar
variability. large InVR
unchanged InRR,

d. feeding on low
Si plants

c. small and highly
variable impacts. low
InRR, large InVR

- tve

-ve < -
Herbivore performance

B Ssilicon defences in the plant

e. low Si plants show low
levels of Si defence with
little variation

f. increased and
variable Si defence.
large InRR, large InVR

+Si plants

FIGURE 1 | (A) Schematic showing hypothetical impacts of silicon
defence on herbivore performance, illustrating four hypothetical

scenarios. Scenario d reflects herbivore performance when feeding
on low-silicon plants (-Si) with a median ‘zero’ effect. In scenario a,
high-silicon (+Si) plant defences have highly detrimental and consistent
impacts on herbivore performance across the population, indicated by
large (negative) InRR values and small InVR values. In (scenario b),
silicon defences have negative impacts on performance (large InVR), but
some individuals are less affected than others, mirroring the variability
(unchanged InRR) when feeding on low-silicon plants (scenario d).
In (scenario c), silicon defences are much less severe and have more
variable impacts on herbivore performance, with some individuals in
the population being substantially less affected than others, indicated
with intermediate (but still negative) InRR and large InVR values. For
silicon defences in plants (B), scenario e represents low-silicon (-Si)
plants that have few silicon defences with very limited variation. In
high-silicon (+Si) plants (scenario f), silicon defences are invariably
higher than low-silicon plants, but some plants in the population may
be better defended than others, as indicated by large InRR and InVR
values.
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feeding on silicon-rich (+Si) plants relative to when feeding
on low-silicon (-Si) plants (scenario a; Figure 1A) with several
patterns possible (scenarios b-d; Figure 1A). The potential im-
pacts of silicon defence on herbivore performance range from
being consistently very adverse with low variation (scenario
b; Figure 1A) to being mild and highly variable throughout
the population (scenario d; Figure 1A). Increasing silicon con-
centrations in the plant via manipulation or natural variation
may be similarly represented in terms of mean effect size and
variability (Figure 1B).

2 | Materials and Methods

Full details of Study Selection, Data Extraction and
Compilation, outlined below, are given in the Supporting
Information (figures and tables are prefixed with ‘S’). Data for
the meta-analysis, including R scripts, additional figures and
tables are available in the Appendix (extended data figures
and tables are prefixed ‘E’).

2.1 | Study Selection

We referenced and followed PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) and
PRISMA-EvoEvo reporting guidelines (Moher et al. 2009;
O'Dea et al. 2021) for reporting systematic study selection
and data extraction (Supporting Information, Data S1). In
brief, we conducted comprehensive searches using Web of
Science and Scopus on 1 August 2021 and subsequently on
20 January 2023 using the search terms ‘silic*’ and ‘plant®’
(including NOT f‘in silico’) in combination with individual
terms indicative of herbivory: ‘herbiv¥, ‘insect’, ‘mammal’
‘invertebrate’, ‘vertebrate’ and ‘consum*’ (full search strategy
given in Table S1). Once duplicates (519) were removed from
the 1596 retrieved records, inspection of titles and abstracts of
the remaining 1077 records identified 279 studies of potential
relevance; 275 were obtained as full text for detailed inspec-
tion (Figure S1). Of these studies, only those that measured
herbivore performance when feeding on plants with high and
low plant silicon were retained. In most cases (95% of studies),
this distinction was achieved using silicon supplementation
of plants relative to a non-supplemented plant. Eight studies
used natural variation in silicon concentrations (e.g., con-
trasting plant genotypes with high and low Si accumulation).
Studies needed to report the extractible mean, SD and sample
size (n) values to be included in analyses. Studies excluded at
full-text screening stage are listed in Table S2 and depicted in
Figure S1, alongside main exclusion reasons. In addition, 12
studies were identified through other sources (e.g., websites
and online early notifications); of these 10 were then included
in the analysis.

2.2 | Data Extraction and Compilation

During data extraction, herbivore performance was broadly
defined to include any of the following: abundance/preference,
feeding efficiency, growth/development, mortality/surviv-
ability and reproduction. Where reported, we also extracted

values for silicon concentrations in the plants (mean, SD and
sample size). In total, 150 studies, that produced 721 observa-
tions, were used for meta-analysis (see Appendix, Extended
Data Table 1).

We extracted the following predictors for plant and herbi-
vore characteristics: (1) whether the plant species belonged
to the Poaceae (i.e., a grass) or was non-Poaceae, (2) plant
lifespan category (annual or perennial), (3) the herbivores'
feeding guild (fluid-feeding arthropods, cell-feeding arthro-
pods, chewing arthropods (stem/stalk), boring arthropods,
leaf-mining arthropods, rasping/grazing invertebrates, mam-
malian chewers) and (4) the herbivores' diet breadth (gener-
alist vs. specialist). Additional information about the journal,
publication year, plant and herbivore species, plant phylogeny
and herbivore performance parameters are collated in the
Appendix (Extended Data Table 1). Numerical data (herbi-
vore performance and plant silicon concentration) were ei-
ther directly extracted (e.g., when reported in tabular form)
or extracted from plots using digitizer software (Digitizelt,
Braunschweig, Germany).

2.3 | Choosing Effect Size Statistics
and Calculating Effect Sizes

Our data set showed strong positive mean-variance relation-
ships. This relationship was observed in correlations between
means and SDs of herbivore performance values in both high
(experimental) and low (control) silicon plants (Figure E1A,B,
respectively). Similarly, we found strong correlations between
means and SDs of relative silicon contents (concentrations)
in high- and low-silicon plants (Figure E1C,D, respectively).
When such relationships are present it is preferable to use
the logarithm of response ratio, InRR, and its sampling vari-
ance (i.e., the inverse of effect-size specific weight) (Gurevitch
and Hedges 1999) rather than the standardised mean differ-
ence (often known as Cohen's d or Hedges' g) because the lat-
ter assumes the homogeneity of variance. We also calculated
the logarithm of variability (SD) ratio, InVR, and its sam-
pling variance (Nakagawa et al. 2015; Senior, Viechtbauer,
and Nakagawa 2020). For most herbivore performance traits,
smaller effect sizes indicate poorer performance (e.g., survival
or reproduction). For some performance traits (17%), such as
development time to adulthood, however, larger effect sizes
represent poorer performance. In the latter case, InRR was
multiplied by —1. This sign change was not necessary for InVR
as the directionality of the effect size only applies to mean val-
ues and not variance (SD).

2.4 | Phylogenetic Tree and Correlation Matrix

We created a phylogenetic tree for plant species (Figure E2)
and for herbivore species in our meta-analytic dataset using
the R package rotl (Michonneau, Brown, and Winter 2016). We
turned both of these trees into correlation matrices assuming
the Brownian motion mode of evolution using the R package
ape (Paradis and Schliep 2019). These correlation matrices were
incorporated into subsequent meta-analyses to control for phy-
logenetic dependencies (see below; Nakagawa and Santos 2012).
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2.5 | Meta-Analytic Models: InRR And InVR

We conducted meta-analyses on both herbivore performance
and silicon content (i.e., running the intercept-only mod-
els) using the rma.mv function in the R package metafor
(Viechtbauer 2010). We fitted variance-covariance matrices
for the argument V which accounts for sampling variance
and co-variance for sampling errors among effect sizes within
studies (assuming shared measurements within a study);
this is a conservative assumption (Noble et al. 2017). Also,
we used adjustments for test statistics and confidence inter-
vals (test="t"), which is similar to (but not the exactly same
as) those proposed by Hartung and Knapp (2003), reducing
Type 1 errors compared to the default setting using the z dis-
tribution. For meta-analytic models (both for InRR and InVR)
of herbivore performance, potential random effects included:
(1) the publication (study) that effect size was extracted from,
(2) the identity of herbivore species used in experiments (non-
phylogenetic effect; e.g., species similarities due to their ecol-
ogy), (3) the effect of the evolutionary relationship between
herbivore species (estimated with correlation matrix based
on a phylogenetic tree), (4) the identity of plant species used
in experiments (non-phylogenetic effect), (5) the effect of the
evolutionary relationship between plant species (estimated
with correlation matrix based on a phylogenetic tree) and (6)
effect size identity. For silicon content, the same random ef-
fects were tested, excluding herbivore species and phylogeny.
We determined the optimal random effects structure based
on Akaike information criterion (AIC) score comparison and
the contributions of each variance component; we removed
random effects that accounted for little variance (i.e., close
to zero) and confirmed these removals did not decrease AIC
values. The set of random effects that we used for subsequent
meta-regression models of herbivore performance included
study, herbivore species, herbivore phylogeny and effect size
identity (note that we did not have any meta-regression models
for plant silicon content).

2.6 | Meta-Regression Models and Model Selection

First, for the effects on herbivores (measured in InRR and
InVR), we ran uni-moderator models for each of the key cate-
gorical variables in turn: (1) plant lifespan (annual vs. peren-
nial), (2) plant type (Poaceae vs. non-Poaceae), (3) herbivore
diet breadth (generalist vs. specialist) and (4) herbivore feeding
guild. Then, we also identified the best model via an AIC-based
model selection method implemented in the R package MuMIn
(Barton 2009). We did not model all interaction terms for these
four categorical variables because there was insufficient data for
many combinations (56 possible permutations). Alluvial plots
were used to visualize the degree of overlap between categories
(i.e., levels within variables) for different pairs of categorical
variables (Figure E12). In terms of meta-analytical effect size
for the mean trait values (InRR), the best model included her-
bivore feeding guild, which was the most important predictor
by far (Tables E19 and E20). For variance (InVR), plant type
(Poaceae vs. non-Poaceae) was most important, followed by
plant lifespan and diet breadth (Tables E21 and E22). Based on
these findings, and the availability of observations that allowed
meaningful comparisons to be made, we examined interactions

between chewing and fluid-feeding arthropods and (1) plant
lifespan, (2) plant type and (3) diet breadth, which are reported
in Tables E13-E18.

2.7 | Publication Bias

We conducted three kinds of publication bias analyses: (1)
contour-enhanced funnel plots (Peters et al. 2008) of residu-
als from a multivariate meta-regression model containing the
four main predictor variables (moderators) listed above (Egger
et al. 1997; Nakagawa and Santos 2012), (2) a multi-level type of
Egger's regression on both uni- and multivariate meta-regression
models to test for any deviations caused by funnel asymmetry
(Egger et al. 1997; Moreno et al. 2009) and (3) a regression-based
time-lag bias test to determine how effect sizes vary with date
of publication (Nakagawa and Santos 2012). For Egger's regres-
sion, rather than using sampling variance, we used ‘effective
sample size' proposed by Nakagawa et al. (2022); this method
can detect and also adjust for publication bias or, more precisely,
a small-study effect where studies with small sample sizes have
large effect sizes when such a bias exists (Sterne et al. 2011).
Publication bias analyses are only appropriate for InRR, as pub-
lication bias, by definition, cannot be caused by differences in
variation (InVR).

3 | Results

The meta-analysis was conducted on 150 studies that provided
721 observations from 46 plant species belonging to 14 plant
families, with the Poaceae accounting for 79% of observations
(Table S3). There were 62 herbivore species from 11 families
with Hemiptera and Lepidoptera accounting for 37% and 49% of
observations, respectively (Table S4).

3.1 | Collective Effects of Silicon on Herbivore
Performance

Considering herbivore performance collectively, we observed
that silicon significantly reduced herbivore performance by
33% (Figure 2A; Tables E1 and E2). There was a limited effect
on variation in herbivore performance, which only decreased
by 6% (Figure 2B; Tables E1 and E2). These effects are un-
likely to be affected by publication bias because we did not
see any obvious asymmetry in our contour-enhanced funnel
plots (Figure E7). Also, uni-moderator analysis of InRR (or
sqrt [varlnRR]) statistically confirmed this pattern (Figure E8
and Table E23) along with equivalent multi-moderator models
(Figure E9 and Table E24; see also E25). Although there was
some evidence of a time-lag effect, with a significant decline
in the magnitude of effect sizes over time (publication year),
the effect seems to be relatively weak (Tables E26 and E27;
Figures E10 and E11) (see also Costello and Fox 2022; Yang,
Lagisz, and Nakagawa 2023).

When we contrasted the relative difference in the amounts
of silicon in plants in high- and low-silicon plants, either re-
sulting from silicon supplementation or natural variation, we
found that, on average, the high-silicon plants had 52% more
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FIGURE2 | Impactofplantsilicification on (A) mean change (InRR) and (B) change in variance (InVR) in herbivore performance (—33% and —6%,

respectively) and (C) mean change (InRR) and (D) change in variance (InVR) in plant silicon content between low- and high-silicon plants (+52%
and +32%, respectively). The orchard plots show the meta-analytic mean estimate (mean effect size—open black circle) with its 95% confidence
interval (thick horizontal whisker line) and 95% prediction interval (thin horizontal whisker line), with individual observed effect sizes as coloured
circles scaled by their precision (1/SE). The number of effect sizes is denoted as k (the number of studies shown in parentheses). The icons represent
herbivore-feeding guilds included in the study: Fluid-feeding arthropods (269), chewing arthropods (331), rasping/grazing invertebrates (2),
mammalian chewers (29), boring arthropods (77), cell-feeding arthropods (12) and leaf-mining arthropods (1).

Si than the low-silicon plants (Figure 2C; Table E3). The high-
silicon plants had 32% more variability in terms of silicon con-
stituency (Figure 2D; Tables E3 and E4). There was a weak
non-significant negative correlation between the magnitudes
of herbivore performance effect sizes and magnitudes of ef-
fect sizes for differences in silicon levels in plants for InRR
(r=-0.175). Such a negative correlation is expected as higher
amounts of silicon would reduce herbivore performance, but
this weak correlation suggests that there is no simple linear
relationship between relative silicon levels and relative effects
on herbivores.

3.2 | Herbivore Feeding Strategy Determines How
Adversely They Are Affected

When we examined whether the different predictors explained
any differences in herbivore performance on plants with low-
and high-silicon content, it was clear that feeding guild of the
animal was the most important factor (see model selection;
Tables E19-E22). In terms of changes in performance, the
four feeding guilds with >15 observations that were nega-
tively affected by Si defences included: mammalian chewers,
chewing, (stem/stalk) boring and fluid-feeding arthropods
(Figure 3; Table E11). Moreover, the mandibulate herbivores
(mammals, chewing and boring arthropods) were more neg-
atively impacted (—45%, —33% and —39%, respectively) com-
pared to the more modest impacts on fluid-feeding arthropods
(—14%) (Figure 3; Table E11). In terms of negative impacts on
performance, mandibulate mammals, chewing and boring ar-
thropods differed significantly from fluid-feeding arthropods

k=29(9)
Mammalian - —————
chewers a p <0.001
k =269 (53)
Fluid-feeding | ) o
arthropods ( ci i R p=0.020
% k =331 (65)
) 4
Chewing el
arthropods M a p <0.001
k=77 (23)
. )
Boring ] g' o
Yam v,
arthropods o d p <0.001
Precision (1/SE) 50 100 150 200
5 4 3 2 A 1 2 3

0
log(Response Ratio) (InRR)

FIGURE 3 | Impacts of plant silicon on mean change (InRR)
in herbivore performance depending on herbivore feeding guild.
Graphical details as per Figure 2. The four most represented feeding
guilds (> 15 observations) are shown (see Figure 2A,B for overall values
across all guilds). The number of effect sizes is denoted as k (the number
of studies shown in parentheses). Lowercase letters indicate significant
differences between groups.

(p=0.009, 0.011 and 0.005, respectively). There was no evi-
dence for differences in the effects on variability in herbivore
performance for any of the feeding guilds (Table E12). The
less well-represented feeding guilds (<15 observations) are
shown in Appendix Figure E6 with corresponding results
(Tables E11 and E12).
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3.3 | Collective Impacts of Silicon Defences
in Relation to Plant Lifespan, Grasses Versus
Non-Grasses and Herbivore Diet Breadth

When herbivore performance was considered collectively, the
impact of silicon defences was not significantly determined by
plant lifespan, whether the plant was a grass or not, or the her-
bivores diet breadth. In terms of plant lifespan (annual or pe-
rennial), we found no differences in either effect on the mean
performance or variation in herbivore performance (Figure E4;
Tables E7 and ES, respectively). Likewise, the diet breadth of
herbivores, (generalist vs. specialist) had no clear impact on how
silicon defences affected herbivore performance (Figure ES5;
Tables E9 and E10). Silicon defences were equally effective in
Poaceae and non-Poaceae (Figure E3; Table E5) and this factor
also made no difference to variation in herbivore performance
(Table E6). Chewing and fluid-feeding arthropods were the
most studied herbivores (331 and 269 observations, respec-
tively), so it was possible to look at their interactive effects with
plant lifespan, Poaceae or non-Poaceae and diet breadth, as pre-
sented below.

3.4 | Impacts of Silicon Defences on Chewing
Versus Fluid-Feeding Arthropods in Relation
to Plant Lifespan, Grasses Versus Non-grasses
and Herbivore Diet Breadth

In terms of Poaceae versus non-Poaceae species, we found that
fluid feeders were weakly affected by silicon overall (Figure 4A;
Table E15) and showed similar levels of variation (Table E16) on
low and high-silicon plants; this pattern was similar when feed-
ing on Poaceae and non-Poaceae species. Chewing arthropods
were more adversely affected when feeding on Poaceae than
non-Poaceae (Figure 4A; Table E15) but showed similar levels of
performance variability (Table E16).

In terms of plant lifespan, fluid-feeding arthropods performed
slightly worse when feeding on silicon-rich annual plants com-
pared to perennial plants (Figure 4B; Table E13). Chewing ar-
thropods were adversely affected by silicon defences, regardless

of whether feeding on annual or perennial plants (Figure 4B;
Table E13). Variation in herbivore responses was mostly unaf-
fected (Table E14).

Fluid-feeding arthropods with a generalist diet breadth were
unaffected by silicon defences, with specialists only being
minimally affected (Figure 4C; Table E17). Chewing arthro-
pods were very negatively impacted regardless of their diet
breadth (Figure 4C; Table E17). Neither feeding guild showed
statistically significant effects on variability in performance
regardless of whether they had generalist or specialist diets
(Table E18).

4 | Discussion
4.1 | Global Differences Between Feeding Guilds

Why are fluid-feeding arthropods less affected by silicon de-
fences than other herbivores? There are several possible reasons
why silicon defences (physical and chemical) may be generally
less effective against fluid-feeding herbivores than mandibulate
herbivores (i.e., chewing and boring arthropods and mamma-
lian herbivores). Firstly, silicon may be deposited on or within
plant tissues in a way that does not present a physical barrier
to stylet (feeding tubes used to withdraw plant fluids) penetra-
tion (e.g., Massey, Ennos, and Hartley 2006; Rowe et al. 2020).
For example, discrete opaline phytoliths on the leaf surface or
within the cell itself are less likely to inhibit feeding by fluid-
feeding herbivores. Furthermore, fluid feeders do not ingest
silicon fragments from the leaf surface in the same way as her-
bivores with mandibles, so this type of silicon deposition is un-
likely to inhibit nutrient acquisition. Deposition in the cell wall
might, however, narrow intercellular spaces, reduce flexibility
and inhibit successful stylet penetration.

Secondly, silicon defences are controlled by the defensive phy-
tohormonal pathways, specifically the jasmonic acid (JA) path-
way (Hall et al. 2019), which is linked to the production of other
secondary metabolite defences (Erb, Meldau, and Howe 2012).
With a few specific exceptions, fluid-feeding herbivores,

Poaceae and Non Poaceae Plant lifespan Diet breadth
k=185 (31 . k =85(22 T B k =209 (38,
A Poaceae @) B Perennial < @ Specialist 3 ()
G p=0.140 é i ¢ p=0.109 ; p =0.056
{ k=84 (22) k=184 (32) k=60 (15)
Non-Poaceae —o—— Annual Gty Generalist Taleds |
p=0.071 p=0.027 p=0.261
Poaceae | k =279 (55) Perennial k=102(19) Specialist k=141 (21)
1
B Y —_ ———O————
A p <0.001 p <0.001 n p <0.001
k=52(12) k =229 (49) k =190 (45)
Lo 8 s 8% | A RGUES TR T
Non-Poaceae p=0073 Annual p <0.001 Generalist p <0.001
Precision (1/SE) 50 100 150 Precision (1/SE) 50 100 150 Precision (1/SE) 50 100 150
2 3 4 -3 -2 2 3 4 -3 -2 1 2

4 3 2 A 0 1
log(Response Ratio) (INRR)

-1 0 1
log(Response Ratio) (INRR)

-1 0
log(Response Ratio) (INRR)

FIGURE 4 | Comparingimpacts of silicon defences on the mean change (InRR) in arthropod fluid-feeding and chewing herbivores performance

when feeding on (A) Poaceae versus non-Poaceae, (B) annual versus perennial plants and (C) and in terms of herbivore diet breadth (specialist versus

generalist). Graphical details as per Figure 2.
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such as aphids, trigger the salicylic acid (SA) pathway, po-
tentially as a strategy to suppress JA-related defences (Ziist
and Agrawal 2016). The SA and JA pathways utilise separate
compounds for signal transduction (Thaler, Humphrey, and
Whiteman 2012) and activation of the SA pathway often sup-
presses the JA pathway, and vice versa, via antagonistic cross-
talk at several biosynthetic nodes (Bostock et al. 2001; Thaler,
Humphrey, and Whiteman 2012). This cross-talk adjusts the de-
fensive responses against specific attackers, especially in terms
of herbivore feeding guild (Schweiger et al. 2014). We recently
showed that aphids neither stimulated the JA pathway (but trig-
gered the SA pathway) nor induced silicon uptake and were un-
affected by silicon defences in the model grass Brachypodium
distachyon (Johnson et al. 2021). Chewing herbivores, in con-
trast, activated the JA pathway, increased silicon uptake and
were negatively impacted by increased silicon levels in the plant.

The third possible reason is that many of the defensive com-
pounds whose production may be enhanced by silicon sup-
plementation may be less effective against fluid-feeders than
mandibulate herbivores. Defensive compounds that inhibit di-
gestive proteolysis (e.g., protease inhibitors), for example, are
generally thought to affect chewers much more than aphids
(Zhu-Salzman and Zeng 2015). Moreover, plant toxins and diges-
tive inhibitors are located in the apoplast and cell vacuole where
they are excluded from phloem sieve elements (Douglas 2003),
and any secondary metabolites which do occur in phloem fluid
(e.g., glucosinolates, cardenolides, alkaloids, pyrrolizidines)
occur in lower concentrations than in most other plant tissues
(Raven 1983a; Douglas 2003).

4.2 | Differences in How Feeding Guilds Are
Affected by Plant Family, Plant Lifespan and Diet
Breadth

The meta-analysis showed that there were differences in how
fluid-feeding and chewing arthropods responded to plant silicon
defences, depending on whether their host plant was grass or
not (i.e., Poaceae vs. non-Poaceae), the lifespan of the plant (i.e.,
annual vs. perennial) and the diet breadth of the herbivore (gen-
eralist vs. specialist). Firstly, chewing arthropods were more ad-
versely affected when feeding on Poaceae than when feeding on
non-Poaceae plant species. Given that the Poaceae are the high-
est accumulators of silicon, this seems logical and may suggest
that silicon is primarily a physical defence whereby high levels
of silicon accumulation are needed for herbivore resistance. In
contrast, if the presence of silicon in low concentrations (more
typical of the non-Poaceae; Hodson et al. 2005) stimulated the
production of secondary metabolite defences, it might be ex-
pected that the non-Poaceae would be equally defended.

Secondly, fluid-feeding arthropods performed slightly worse
when feeding on silicon-rich annual plants than when feeding on
silicon-rich perennial plants. Longer-lived plant tissues, and by
extension longer-lived plants (e.g., perennial species), often invest
in ‘more expensive’ plant defences than fast-growing plants (e.g.,
annuals) (Coley, Bryant, and Chapin 1985). This reflects their lon-
ger exposure to herbivory, the relatively high costs of replacing
slow-growing tissues lost to herbivory and that the investment
in defences is recovered over a longer lifespan (Coley, Bryant,

and Chapin 1985). Silicon is sometimes regarded as a metaboli-
cally ‘cheaper’ herbivore defence than some other plant defences
(Raven 1983b; Quigley and Anderson 2014; Simpson et al. 2017),
so might have greater utility in annual species compared with pe-
rennial species. Cooke and Leishman (2011) found strong empir-
ical support for this idea in their assessment of 155 plant species.

Finally, two notable patterns were apparent when we considered
diet breadth: (1) specialist and generalist chewing arthropods
were equally affected by silicon defences and (2) fluid-feeding
arthropods with generalist diet breadth were unaffected by sil-
icon defences and the impacts on specialists were weak. Most
plant defence theories predict that herbivores specialising
in a smaller number of host plants (i.e., specialists) are better
adapted to the defences of their host plants than those that feed
on a broader range of host plants (i.e., generalists) (Whittaker
and Feeny 1971; Stamp 2003). Specialist herbivores (especially
chewing arthropods) were clearly not evading plant silicon de-
fences in the same way as they frequently do for many secondary
metabolite defences (Rothwell and Holeski 2020). Silicon phys-
ical defences may impose more generic damage to herbivore
body parts and may be more challenging to adapt to than spe-
cific secondary metabolites (Caldwell, Read, and Sanson 2016).
Herbivores often possess adaptations for overcoming the effects
of secondary metabolites, including effective biochemical adap-
tations such as enzymatic detoxification, expedited excretion
and sequestration (War et al. 2018). Herbivores may be able to
similarly adapt to physical defences to some extent, for instance,
by evolving larger heads, changing mandible morphology or
passing through extra moults to replace mouthparts (Isley 1944;
Bernays 1986; Kvedaras et al. 2009). These are, however, phys-
iologically constrained, and likely to impose high fitness costs
(Caldwell, Read, and Sanson 2016). For the fluid feeders, Ali
and Agrawal (2012) make the point that generalist fluid feed-
ers may adopt a strategy of suppressing the generic JA pathway
rather than tolerating or adapting to specific metabolites. As
discussed above, suppression of the JA pathway may limit the
induction of silicon defences and may explain why generalist
fluid-feeding arthropods are unaffected by silicon defences.

4.3 | Herbivore Body Size and Variability in Silicon
Defence and Herbivore Performance

It was noteworthy that mammalian herbivores were as adversely
affected by silicon as mandibulate arthropod herbivores. It has
long been argued herbivores with larger body sizes can cope
with a poorer quality diet because they can digest plant material
more thoroughly due to longer gut retention time (Demment and
Vansoest 1985). This has since been challenged, and other fac-
tors such as intake rate, pre-digestion food processing and gut
morphology have been proposed to be more important (Steuer
et al. 2014). With much fewer observations for vertebrate herbi-
vores than invertebrate herbivores, definitive conclusions about
the similarity of plant silicon effects on vertebrate and invertebrate
herbivores are perhaps premature, but this finding challenges the
prediction made by Johnson, Hartley, and Moore (2021) that in-
creasing body size may mitigate the impacts of silicon-rich diets.

The meta-analysis showed that an increase in plant sili-
con was associated with increased variability in the extent of
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silicification, resembling scenario f in Figure 1B which may,
in part, underpin their effectiveness in reducing herbivore
performance, similar to what has been reported for secondary
metabolite defences (Pearse, Paul, and Ode 2018). We showed
that herbivore performance declined considerably when feed-
ing on silicon-rich plants but the variability in the performance
did not significantly change, best represented by scenario ¢ in
Figure 1A. This indicates consistency in the impacts of silicon
defence and that these defences are potentially harder to adapt
to than secondary metabolite defences.

5 | Conclusions

While there are numerous specific examples of fluid-feeding ar-
thropods being negatively impacted by silicon defences, included
as contributing studies in this meta-analysis, the overall trend
is that silicon defences affect fluid-feeding arthropods less than
herbivores that chew plants. Early experimental work by Massey,
Ennos, and Hartley (2006) suggested that phloem-feeding aphids
might be less adversely affected than leaf-chewing arthropods,
but until now, there was no systematic test of this. Narrative re-
views that cover plant silicon defences against herbivores imply
that herbivore feeding guilds are impacted equally, or at least
that the mode of feeding is not a point of significant distinction
(Reynolds et al. 2016; Debona, Rodrigues, and Datnoff 2017). Our
results suggest that this distinction should be made if we are to ac-
curately understand the evolutionary and ecological role of silicon
in plant defence theory.
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