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Silicon (Si) has important functional roles in plants, including resistance

against herbivores. Environmental change, such as increasing atmospheric

concentrations of CO2, may alter allocation to Si defences in grasses, potentially

changing the feeding behaviour and performance of herbivores, which may in

turn impact on higher trophic groups. Using Si-treated and untreated grasses

(Phalaris aquatica) maintained under ambient (400 ppm) and elevated (640 and

800 ppm) CO2 concentrations, we show that Si reduced feeding by crickets

(Acheta domesticus), resulting in smaller body mass. This, in turn, reduced pred-

atory behaviour by praying mantids (Tenodera sinensis), which consequently

performed worse. Despite elevated CO2 decreasing Si concentrations in P.
aquatica, this reduction was not large enough to affect the feeding behaviour

of crickets or their predator. Our results suggest that Si-based defences in

plants have adverse impacts on both primary and secondary trophic taxa,

and these are not likely to decline under future climate change scenarios.
1. Introduction
Despite 25% of species being herbivorous insects, we live on a green planet that is

dominated by terrestrial plants, so it’s clear that plants resist attack. Plant chemi-

cal defences restrict damage by insect herbivores both directly (e.g. toxicity) and

indirectly by influencing the third trophic level (e.g. recruitment of natural

enemies) [1]. While these bottom-up and top-down chemical mechanisms gener-

ally protect plants, plant defences can weaken top-down control where they

negatively affect the quality of herbivores for their natural enemies [2].

Silicon (Si) is increasingly recognized as playing a range of ecologically sig-

nificant roles in plants [3], particularly in grasses where it can make up 10% of

tissue dry weight. Si can be deposited within or between cells, in the cell wall or

as discrete opaline phytoliths. Such Si deposition confers defence against herbi-

vores because of abrasive effects on their mouthparts and diminished nutrient

acquisition via reduced palatability and digestibility of foliage, in turn reducing

the growth rate and body mass of herbivores feeding on Si-rich plants [4]. Such

non-fatal effects could pass up the food chain by, for example, reducing both

the palatability and quality of herbivorous insects as food for their predators.

This could be detrimental for the foraging behaviour and performance of pred-

ators and potentially weaken top-down control of insect herbivores. While Si is

widely regarded as an important anti-herbivore defence in grasses, its role

higher up the food chain has rarely been tested [5].

Silicon has been hypothesized to act as a metabolically ‘cheaper’ structural

substitute for carbon (C) [6], particularly at times when carbon dioxide (CO2)

concentrations were low, such as during the Miocene; it has been suggested

that C substitution by Si may have driven the evolution of high Si-accumulating
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Table 1. Si and CO2 treatment effects on P. aquatica foliar characteristics (means+ s.e.). p-values highlighted in bold indicate significance ( p , 0.05).

biomass (g) Si concentration (%) C concentration (%)

Si-treatment control 2.60+ 0.16 0.86+ 0.04 41.51+ 0.09

Si 4.41+ 0.20 1.16+ 0.05 41.03+ 0.19

CO2 400 ppm 3.32+ 0.25 1.18+ 0.07 40.94+ 0.12

640 ppm 3.51+ 0.35 0.97+ 0.06 41.28+ 0.28

800 ppm 3.30+ 0.28 0.89+ 0.06 41.57+ 0.11

statistical analysis CO2 F2,59 ¼ 2.38,

p ¼ 0.101

F2,58 ¼ 7.14,

p ¼ 0.002

F2,59 ¼ 3.23,

p ¼ 0.046

Si-treatment F1,59 ¼ 51.68,

p , 0.001

F1,58 ¼ 24.43,

p , 0.001

F1,59 ¼ 5.56,

p ¼ 0.022

CO2 � Si-treatment F2,59 ¼ 0.65,

p ¼ 0.528

F2,58 ¼ 0.15,

p ¼ 0.860

F2,59 ¼ 0.27,

p ¼ 0.761
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grass species during this period [6]. Conversely, within the

next century, CO2 concentrations are expected to double,

potentially resulting in higher C, and hence lower Si concen-

trations within plants. There is already some evidence for

negative correlations between Si- and C-based defences [7]

but the impacts of these changes on herbivores and their

predators have not yet been addressed.

This research determined how elevated CO2 concentrations

and Si supplementation affected Si-accumulation in a grass, and

how this impacted feeding and performance of an insect herbi-

vore and its predator. Grasses subjected to increasing CO2

concentrations, from current (400 ppm) through to impending

concentrations (640 and 800 ppm predicted for 2050 and 2100,

respectively), were expected to progressively accumulate less

Si as C availability and fixation increased (i.e. elevated CO2

was expected to decrease plant Si-uptake). This would make

them more susceptible to herbivores, whose performance and

quality to predators would increase. Regardless of CO2 effects,

we hypothesized that higher Si-uptake reduces feeding and

performance of herbivores which, in turn, reduces predation

and performance of higher trophic levels.
2. Material and methods
The house cricket (Acheta domesticus) and the Chinese praying

mantid (Tenodera sinensis) were used as a model herbivore and

predator, respectively, maintained in culture at 268C, 75% relative

humidity. Three plant growth chambers (TPG-1260TH, Thermoline

Scientific), maintained at CO2 concentrations of 400, 640 and

800 ppm were used. Chambers were lit with five 400 W Sunmaster

Dual Spectrum High Pressure Sodium globes at 350 mmol m22 s21

at plant level. CO2 was measured using a single Vaisala GMP222

probe positioned behind the return air fans, and temperature and

humidity were measured using an Elektronik EE08 sensor. Air

temperatures within each chamber were maintained at 26/188C
day/night on a 15 L : 9 D cycle. Humidity was controlled at 60%.

Eight seeds of a common Australian pasture grass (Harding

grass, Phalaris aquatica cultivar Holdfast; Heritage Seeds, NSW),

were planted in 48 pots (70 mm diameter) filled with local field

soil [8] in each of the three growth chambers. Half of the pots

had Si-supplementation, involving watering the plants

with 500 mg l21 solution of dissolved sodium metasilicate

(Na2SiO3
.9H2O), and half received deionized water alone (approx.
80 ml three times a week in both cases). Chambers were swapped

every two weeks and the plants were rotated within the chambers

twice-weekly to minimize chamber effects and pseudo-replication,

as previously demonstrated [9].

Eight weeks after sowing, shoot material from each of 11 pots in

each Si-treatment (i.e. Si-treated or control plants) per chamber was

cut to soil level and herbivore performance was assessed by follow-

ing the procedure of Massey et al. [10]. Sixty crickets were placed in

each of six terrariums (two per chamber). In each chamber, crickets

in one terrarium were fed on Si-treated grasses and crickets in the

other terrarium were fed on control plants with no Si. Sixteen

grass tillers were placed in the terrariums daily to maintain a con-

stant food supply. After one week, six crickets from each of the

two terrariums per chamber were weighed and placed in the culture

cage with each of 12 praying mantids for 24 h. Six of the mantids

were fed crickets reared on Si-supplemented plants and the other

six received crickets reared on control plants. Mantids were starved

for 72 h beforehand and weighed before the assay. After 24 h, the

remaining crickets were counted and weighed. Mantids and cricket

remnants were also weighed. Mantid frass was weighed after

a further 24 h. The mass of crickets eaten was calculated by sub-

tracting the mass of cricket frass and their remains from the total

cricket mass.

Dried shoot material was ball-milled to a fine powder.

Carbon concentrations were determined with a Carlo Erba

CE1110 elemental analyser and Si concentrations were deter-

mined with an X-ray fluorescence spectrometer (Epsilon-3x,

PANalytical-Almelo, The Netherlands). See [11] for full protocol.

Si-treatment and CO2 effects on grass characteristics and

cricket performance parameters were analysed using generalized

linear models within R v. 3.1.1. Mantid performance parameters

were analysed using mixed models in the nlme statistical package

within R. The fixed terms included Si-treatment (control and Si)

and CO2 (400, 640 and 800 ppm) as well as the interaction between

these terms. The random term within the mixed models included

mantid ID to account for any mantid preference bias.
3. Results
(a) Plant responses
Si-treatment increased the biomass of P. aquatica, but CO2 had

no significant effect (table 1). Si and C concentrations were

negatively correlated (r ¼ 20.471, p , 0.001, d.f. ¼ 62).

Si-treated plants contained higher and lower concentrations

of Si and C, respectively, compared with control plants.
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Figure 1. The impacts of Si-treatment on (a) the mass of grass eaten, (b) the change in cricket mass and (c) cricket frass production under three CO2 concentrations.
Mean values (+s.e.) are shown. (d ) The correlation (with 95% CI) between silicon concentration and the mass of grass consumed by crickets.

Table 2. Cricket and mantid responses to CO2 and Si-treatment from generalized linear models (herbivore performance tests) and mixed models ( predator
performance tests).

response variable

CO2 Si-treatment CO2 3 Si-treatment

F p-value d.f. F p-value d.f. F p-value d.f.

herbivore performance

grass eaten (figure 1a) 0.08 0.923 2,59 9.54 0.003 1,59 0.07 0.929 2,59

D cricket mass (figure 1b) 0.05 0.948 2,59 4.12 0.047 1,59 0.03 0.974 2,59

frass produced (figure 1c) 1.82 0.171 2,59 5.54 0.022 1,59 0.01 0.986 2,59

predator performance

no. crickets eaten 1.42 0.265 2,19 27.47 <0.001 1,19 1.21 0.320 2,19

mass crickets eatena (figure 2a) 0.05 0.949 2,19 16.35 <0.001 1,19 0.11 0.898 2,19

D mantid mass (figure 2b) 0.73 0.496 2,19 9.68 0.006 1,19 0.99 0.389 2,19

frass producedb (figure 2c) 0.61 0.555 2,19 5.73 0.027 1,19 1.15 0.338 2,19

p-values highlighted in bold indicate significance ( p , 0.05). Where appropriate, response variables were transformed (aexponential, bsquare root) before analysis.
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Moreover, increasing CO2 concentrations decreased and

increased Si and C concentrations, respectively (table 1). No

interactive (Si � CO2) effects were observed.
(b) Herbivore performance
Crickets ate less grass, lost more weight and produced less

frass when they were fed on Si-treated grasses compared
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Figure 2. The impacts of Si-fed crickets (i.e. crickets fed on Si-supplemented grasses) on (a) the mass of crickets eaten by mantids, (b) the change in mantid mass
and (c) mantid frass production under three CO2 concentrations. Mean values (+s.e.) are shown.
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with control grasses (figure 1a–c). Similarly, grass con-

sumption was negatively correlated with Si concentration

(figure 1d ). CO2 had no significant effect (table 2).
(c) Predator performance
Mantids ate significantly more control crickets (4.94+0.23)

than Si-fed crickets (3.22+0.26; table 2). This was reflected

in the mass of crickets consumed by mantids, the change in

mantid mass and the amount of frass produced by mantids,

which all increased when they were fed on control crickets

relative to Si-fed crickets (figure 2a–c). CO2 had no significant

effect (table 2).
4. Discussion
This study highlights how the impacts of Si-defence in

grasses can extend up the food chain to affect a chewing foli-

vore and its natural enemy. Results demonstrated a clear

reduction in cricket (A. domestica) performance on Si-fertilized

plants, which subsequently reduced the consumption rate of

its predator, T. sinensis. The anticipated (and observed)

decrease in grass Si concentrations under elevated CO2,
however, was not sufficient to alter the feeding performance

of crickets or their predator.
(a) Grass responses to Si and CO2
Silicon promotes growth in many plant species, especially

among the Poaceae, which can increase in biomass by up to

85% in Si-fertilized soils [5]. In our case, grass biomass

increased by 70% in Si-supplemented plants compared with

non-Si controls. Si supplementation significantly increased

Si concentrations, whereas increasing CO2 concentrations

decreased Si concentrations. Moreover, Si concentrations were

negatively correlated with C concentrations, suggesting a

possible trade-off between Si and C, as was observed in a

study of Si-defences in roots [7].
(b) Herbivore performance
Calculating approximate digestibility of Si-supplemented

plants by crickets (see [12]) suggested digestibility of leaves

was not different from control plants (98.05+0.44% and

98.40+0.31%, respectively). Instead, it seems more likely

that Si supplementation caused crickets to avoid these

plants, potentially because of increased toughness and/or

abrasiveness of leaf tissues, as observed in other studies
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using chewing herbivores [12]. Increases in other chemical

defences may also accompany increased Si-accumulation

[5]. Regardless, foliar Si concentrations were associated with

clear declines in herbivore feeding and body mass. Elevated

CO2 concentrations did not strongly affect herbivore perform-

ance despite causing a significant decrease in foliar Si

concentrations, suggesting that these shifts in Si concen-

trations were not enough to alter the feeding behaviour of

crickets or their predator in the current study. Plant species

with higher baselines of Si-accumulation, however, may

show greater declines and become more susceptible to

herbivory under elevated CO2 [4].

(c) Higher trophic interactions
Surprisingly few studies have considered the effect of Si on

the natural enemies of insect herbivores [5]. Si-uptake in

plants may impact up the food chain to affect natural enemies

directly, by modifying their behaviour, or indirectly, by chan-

ging the nutritional quality of their prey and/or host [13]. We

identified an indirect effect of Si on the predator of a chewing

herbivore, with a reduction in the consumption rate of

crickets by predatory mantids, probably because of the

diminished body size of herbivores and reduced nutritional
quality (e.g. protein per unit of herbivore body mass).

Regardless of mechanism, we have shown that Si-based

defences, despite negative impacts on the herbivores

themselves, can potentially weaken top-down control of her-

bivore populations by their predators. Furthermore, we have

shown that these effects are not likely to be diminished under

future climate change scenarios. The impacts of Si on higher

trophic-level interactions in plants that employ Si-defences is,

therefore, an important, but hitherto neglected, aspect of our

understanding of the selective pressures determining how

plants invest in silicon- and non-silicon-based defences [2].
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