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17  Abstract

18 1. Plants, notably the Poacae, often accumulate large amounts of silicon (Si) from the
19 soil. Si has multiple functional roles, particularly for alleviating abiotic and biotic
20 stresses (e.g. defence against herbivores). Recent evidence suggests that

21 environmental change, including temperature changes, can diminish Si accumulation
22 which could affect functions such as herbivore defence.

23 2. Using a field warming experiment, we grew a pasture grass (Phalaris aquatica) that
24 was either supplemented or untreated with Si (+Si and -Si, respectively) under

25 ambient and elevated (+2.8°C above ambient) air temperatures. We quantified soil
26 water, plant growth rates, Si accumulation, leaf biomechanical properties and in situ
27 relative growth rates of a herbivorous global insect pest (Helicoverpa armigera).
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3. Si supplementation promoted shoot and root biomass by c. 48% and 61%,
respectively under ambient temperatures, but these gains were not apparent under
warmed conditions.

4. Warmer temperatures reduced Si uptake by -Si plants by c. 17%, potentially due to
the lower levels of soil water content in warmed plots. Si supplementation, however,
increased Si accumulation in leaves by c. 24% in warmed plots restoring Si levels to
those seen under ambient temperatures.

5. Si supplementation enhanced biomechanical properties in the leaves, but this was only
statistically significant under ambient temperatures; leaves of +Si plants required 42%
more force to fracture and were 30% tougher at the midrib than leaves of -Si plants.
The relative growth rates of H. armigera declined by 56% when feeding on +Si plants
under ambient temperatures and while Si supplementation caused a trend towards
declining herbivore growth rates under warmer conditions, this was not statistically
significant.

6. We conclude that climate warming may mitigate the beneficial effects of Si on
Phalaris aquatica in the short term, potentially by reducing Si uptake. While Si
uptake can be restored with Si supplementation, Si-enhanced biomechanical defences

against a global pest may not be fully restored under warmer temperatures.

Keywords — climate change, global warming, insect herbivore, silicon, silica, leaf toughness

Introduction

There is emerging consensus that silicon (Si) plays an important functional role in
plants, particularly in terms of mitigating the impacts of adverse environmental conditions
(Cooke & Leishman 2011; Frew, Weston, Reynolds & Gurr 2018). For abiotic stresses, Si

can alleviate the effects of drought, salt stress, toxic metals, extreme temperatures and
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nutrient deficiency (Liang, Sun, Zhu & Christie 2007; Guntzer, Keller & Meunier 2012;
Cooke & Leishman 2016). Similarly for biotic stresses, Si can reduce pathogen infection
(Van Bockhaven, De Vleesschauwer & Hofte 2013; Wang et al. 2017) and herbivory
(Reynolds, Keeping & Meyer 2009; Hartley & DeGabriel 2016). Indeed, the fact that many
plants, particularly grasses, are hyper-accumulators of Si (up to 10% of dry mass) and are
adapted to increase Si absorption following episodes of stress, points to the functional
significance of this non-essential element (Epstein 1999; Massey, Ennos & Hartley 2007;
Hartley & DeGabriel 2016).

Si-based resistance to pathogens and herbivory has been linked to silicification of
plant tissues which can affect biomechanical properties such as abrasiveness and penetrability
of the plant epidermis (Debona, Rodrigues & Datnoff 2017). In addition to physical
resistance, Si is increasingly seen as an agent that can prophylactically moderate defensive
responses that are triggered by herbivores and pathogens (Fauteux, Chain, Belzile, Menzies
& Bélanger 2006; Van Bockhaven et al. 2013; Ye et al. 2013; Coskun et al. 2018). The
mechanisms for this are debatable with Coskun et al. (2018) most recently proposing that,
rather than stimulating defensive signalling pathways in plants, Si interfered with pathogen
and herbivores’ attempts to suppress defensive responses in the plant. In particular, they
propose that effector molecules produced by pathogens and herbivores are impeded in the
extracellular Si matrix which allows plants to mount defensive responses unhindered.

Arguably, Si-based biomechanical defences are more important for resistance to
herbivores than pathogens because biomechanical defences can affect herbivores adversely in
multiple ways beyond being a physical barrier (Clissold 2008; Massey & Hartley 2009).
Indeed, biomechanical properties of plants can influence entire communities of herbivores,
with chewing herbivores being especially affected (Peeters, Sanson & Read 2007). Si

deposition as discrete phytoliths or other abrasive structures, for example, can wear down
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insect mouthparts (Massey & Hartley 2009 but see Kvedaras et al. 2009). Ingested Si
structures may also hinder efficient food processing and prevent herbivores from extracting
adequate nutrition from ingested plant material (Massey & Hartley 2006). Moreover, Si
deposition within and between cell walls can make cells more rigid and therefore harder to
mechanically crush (Hunt, Dean, Webster, Johnson & Ennos 2008). Cooke, DeGabriel and
Hartley (2016) highlight how surprisingly few studies measure biomechanical properties of
plant tissues in relation to Si supplementation and herbivore resistance. In the present study
we aimed to redress this by measuring two biomechanical properties (i.e. force of fracture
and leaf toughness) with relevance to resistance to chewing herbivores (Sanson, Read,
Aranwela, Clissold & Peeters 2001).

Plants accumulate Si from the soil in the form of soluble silicic acid which is then
distributed throughout the plant (Currie & Perry 2007; Ma & Yamaji 2015). Initially thought
to be a passive uptake process largely driven by transpiration rates, a number of specialized
influx and efflux Si transporters have now been identified (reviewed by Ma & Yamaji 2015;
Deshmukh & Bélanger 2016). Some of these transporters are water channel aquaporins,
which mediate passive transport, but several are active anion transporters, which plants can
control to some extent (Ma, Yamaji, Tamai & Mitani 2007; Yamaji, Mitatni & Ma 2008).
The extent to which plants can actively control Si accumulation relative to passive uptake that
is hydraulically and osmotically driven is still debated (Quigley & Anderson 2014; Kumar,
Milstein, Brami, Elbaum & Elbaum 2017; McLarnon, McQueen-Mason, Lenk & Hartley
2017). There is, however, wider recognition that climatic factors such as water availability
and temperature influence Si accumulation (Schoelynck et al. 2014; Hartley 2015; Maguire,
Templer, Battles & Fulweiler 2017).

Depending on emissions of greenhouse gases, global mean air temperatures are

predicted to increase by 0.3-1.7 °C (low emissions), 1.1-3.1 °C (moderate emissions) and 2.6-
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4.8 °C (high emissions) by 2081-2100 (IPCC 2013). Given the important role played by Si in
plant stress alleviation, it is surprising that so little is known about how global warming will
affect Si uptake in plants (Cooke et al. 2016; Johnson & Hartley 2018). Warming often
increases transpiration rates in plants which may increase Si uptake, as could higher
metabolically-driven uptake of nutrients in general. Alternatively, warming may decrease soil
water availability, either through direct drying effects or increased water uptake due to
increased vegetation growth, both of which may reduce the pool of soluble Si in soil (Hartley
2015; Cooke et al. 2016).

We adopted the hypothesis that (1) warming promotes plant growth and Si uptake.
Consequently, (2) increased Si uptake, whether due to temperature or Si supplementation,
increases biomechanical resistance of leaves and reduces herbivore performance (relative
growth rates). The aim of this study was therefore to determine the effects of warming on
growth of an important pasture grass (Phalaris aquatica), Si accumulation under low and
high Si availability, biomechanical defences in the leaves and how these changes affected the
performance of a global herbivore pest, the cotton bollworm (Helicoverpa armigera). In
order to include stochastic variation in ambient and elevated (c. +3°C) temperatures (as would
occur under field conditions), we conducted the experiment in outdoor plots with controlled

infra-red heating.

Materials and Methods
Experimental site

Twelve warming frames (Fig.1A) were established on an alluvial floodplain on the
Hawkesbury campus of Western Sydney University at 25 m elevation (33°36° 40" S,
150°44°26.5" E). The frames were identical in all respects except that six had the capacity to

increase air temperature in the underlying vegetation (c. 1.0 m?) by up to 3°C. Frames were
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constructed by P&C Laws (Richmond, NSW, Australia) and comprised rectangular steel (250
mm X 250 mm) tubing (1.7 m X 1.7 m X0.90 m; width X length X height). Frames were
spaced 2.0 — 2.2 m apart from one another at the site with the warmed plots assigned at
random. The plot was warmed using 1000W infra-red ceramic heaters (RS components part
376-2723, Mor Eletric Heating Assoc. Inc. MI, USA) mounted on the frame centrally above
the plot (see example in Fig. 1B). This primarily warmed the vegetation and soil. A control
system regulated the output of the heating lamps to maintain the canopy surface temperature
at the desired set point. The control system comprised a purpose-built temperature sensor and
Proportional-Integral-Derivative (PID) controller mounted on each frame and a central data
logger (CR1000, Campbell Scientific), which logged the canopy surface temperature of each
plot and coordinated the temperature controllers. The temperature controllers were built using
a micro controller (Arduino Nano), an infra-red thermometer (Melexis' MLX90614ESF-
BAA) and a solid-state relay (FOTEK SSR-40DA). The 12 Arduino controllers were
networked with the data logger using RS485 converters (MAX485) and a MODBUS protocol
with the logger as the master. The logger polled the six ambient unwarmed frames each
minute then calculated the average ambient temperature and added the desired offset (+3°C)
before sending this as the set point to the six heated frames. Each controller used a PID
control algorithm and pulse width modulation to regulate the output of the heater to maintain
the temperature at the set point.

Four pots (410mm x 410 mm and 310 mm deep) were submerged at ground-level in a
2 X 2 formation identical to the rain exclusion shelters depicted in Johnson et al. (2016). Pots
were filled with the soil from the excavated trenches, which was of the Clarenden Formation
type (Isbell 2002) (see Table S1 for full details). It was a low-moderate fertility sandy loam
soil with low organic matter and relatively low bioavailable silicon (with reference to Haynes

2017).
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Experimental Procedure

Two of the four pots in each plot received a one-off silicon supplementation (+Si
plants hereafter) in the form of 126g of solid calcium silicate (CaOSiO,) (PlantTuff™
supplied by Australian Steel Mill Services, Port Kembla, NSW, Australia). This equates to an
application rate of 10 tonnes ha'! which is at the upper limit of application rates (Personal
Communication, NSW Environment Protection Agency). Calcium silicate was lightly tilled
into the top 3-5 cm of soil; non-supplemented plants (-Si plants hereafter) had soil lightly
tilled without any amendment. In February 2017, c. 200 seeds of a common Australian
naturalised pasture grass (Harding grass, Phalaris aquatica cultivar Holdfast; Heritage Seeds,
NSW) were germinated in potting mix (Native soil mix, Turtle Nursery and Landscape
Supplies, NSW) in the glasshouse for three weeks. Plants were then transplanted to the
warming frames (48 pots each containing four plants) on 23 February 2017. Each frame
therefore contained two +Si pots (2 % 4 plants) and two -Si pots (2 x 4 plants). Plants
received natural rainfall (310 mm over six weeks) and supplemental irrigation (c. 200 ml
every c. 10 days). Volumetric soil water content meaurements were taken using a hand held
moisture probe (HydroSense 2; Campbell Scientific) at weekly intervals. After 50 days, a
plant was selected at random and removed from each pot and washed free of soil. The roots
and shoots were freeze dried, weighed and then ground for analysis of Si concentrations (see
below). The remaining plants had been selected at random to determine leaf biomechanical

properties (measured on day 50) and herbivore performance (in situ between days 44—50).

Silicon uptake in the plant
Si concentrations in the shoots and roots were determined with an X-ray fluorescence
spectrometer (Epsilon-3x, PANalytical-Almelo, The Netherlands) using a method similar to

that of Reidinger, Ramsey & Hartley (2012). In summary, root and leaf material was ground
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to a fine powder and analyzed according to the procedure described in Hiltpold et al. (2017).
Si levels were expressed as shoot and root Si concentration (as % of dry mass) and calibrated
against plant-certified reference material of known Si content (Garbuzov, Reidinger &

Hartley 2011; Hiltpold et al. 2017).

Force of fracture and leaf toughness

The force to fracture leaves was measured with a shear test (Aranwela, Sanson &
Read 1999) using the purpose-built machine described by Wright and Cannon (2001). The
machine measured the force required to cut a leaf at a constant cutting angle (20°) and speed.
For each leaf, one cut was made perpendicular to the midrib. For most leaves, force to
fracture increased as the blade progressed through the lamina, to a clear peak at the midrib
(Fig. S1). Once the midrib had been severed, the remaining leaf blade most often folded back
under the blade, increasing friction on the blade and making measurements of force of
fracture from the point onwards unreliable. Consequently, we calculated maximum force of
fracture up to and including the midrib — this was always occurred when the midrib was
severed (Fig. S1). Midrib and lamina thickness were measured at two points each with a
digital micrometer. Midrib toughness was determined by dividing maximum force of fracture
by midrib thickness. Overall leaf toughness was estimated by dividing the average force to
fracture from initial blade contact with the leaf to the point of midrib fracture (Fig. S1) by the
average thickness of the midrib and lamina combined. In total, force to fracture

measurements were taken from 2-4 leaves per plant.

Insect herbivore performance

Of the two remaining plants in each pot, one was selected at random and used to

determine the effects of Si supplementation on herbivore performance. This was conducted
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six days prior to harvesting all of the plants. Approximately 100 Helicoverpa amigera eggs
(supplied by CSIRO Agriculture & Food, Narrabri, Australia) were individually hatched on
growing media (modified from Teakle & Jensen 1985) at 20°C and 15:9 hour photoperiod
(light:dark). Upon reaching second instar (c. 7 days later), one herbivore was weighed and
then applied to each of the remaining plants in all 48 pots in the field. The insect was
confined to one leaf blade using a circular (25.4 mm diameter) mesh clip cage (BioQuip, CA,
USA) supported by a tethered post. Cages were moved on alternate days to undamaged leaf
tissue to ensure food availability was not limiting. Six days later, all larvae were removed and
re-weighed. Relative growth rates (RGR) were calculated: RGR = ((final mass — initial mass)

/ initial mass) / 6 days.

Statistical analysis

Mean daily canopy surface temperature in ambient and warmed plots was analysed
with a paired #-test. Analysis of variance (ANOV A) was conducted with temperature
(ambient or warmed) and Si status (+Si or -Si) included as fixed main and interactive effects
for all other tests. Frame (number) was included as a random term and observations from
individual frames nested within this. Contrast analysis was included within each model to
determine differences between temperature and Si treatment combinations. For plant
biophysical responses, where multiple measurements (2—4) were taken from the same plant
and the design was unbalanced we implemented split-plot ANOV As in which pot (number)
was nested within frame (number). Least square means tests were implemented for contrast
analysis for these tests. For herbivore performance, we conducted an additional ANCOVA
test in which initial mass was included as a quantitative covariate and final mass was the
response variable. This was to validate inferences from the ANOVA test conducted on

herbivore RGR which can be problematic (see discussion by Raubenheimer & Simpson

Functional Ecology: Confidential Review copy
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1992). Unless otherwise stated (see figure or table legends), analysis was conducted on
untransformed data. Where necessary, transformations were applied according to goodness-
of-fit tests using the ‘goodfit’ function in the vcd package in R (Friendly 2000).
Transformations were selected on the basis of residual diagnostic plots which fitted a normal
distribution and with least heteroscedasticity. All analysis was conducted in the R statistical

package or Genstat (version 18, VSN International, Hemel Hempstead, UK).

Results
Air temperature and soil moisture

The warming frames caused a significant increase in canopy temperature by 2.8 °C +
0.10 (mean + standard error) during the experiment (Fig 2A). An example of diurnal patterns
in temperature between the two types of frame is shown in Fig. S2. The increased
temperature resulted in a significant decline (c. —3% absolute change, c. -22% relative
change) in soil water (Fig. 2B). There was a marginally statistically significant impact of Si
in terms of reduced mean soil water content during the experiment (P = 0.051; Fig 2B).
Contrast analysis suggested this occurred in warmed plots (F, 33 = 3.24, P = 0.081) rather
than ambient plots (F, 33 = 1.03, P = 0.318), but neither were significant at a 95% confidence

interval.

Plant growth

Shoot and root biomass were unaffected by warming, but increased significantly in
+Si1 plants overall (Fig. 3), although a significant warming by Si treatment interaction was
observed for shoot biomass (P = 0.04). Contrast analysis showed that Si increased shoot and
root biomass in ambient plots (F; 33 =11.61, P=0.002 and F, 53 =7.34, P=0.011,

respectively) whereas shoot and root biomass were unaffected by Si supplementation in

10
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warmed plots (F; 33 =0.22, P=0.645 and F, 53 = 2.81, P = 0.103, respectively). Total plant
biomass reflected the same responses as shoot biomass; Si promoted total biomass (F; 34 =
7.40, P =0.010), temperature had no direct effect (F, ;o =2.90, P = 0.119). Again, contrast
analysis showed that Si impacts on plant growth were only apparent in ambient plots (F 33 =

11.11, P =0.002) and not warmed (F; 33 = 0.21, P = 0.650) plots.

Silicon uptake in the plant

The overall model indicated that Si concentrations in leaves were lower under warmer
conditions (Fig. 4), whereas Si supplementation caused a significant increase in Si
concentration in the leaves (Fig. 4). Contrast analysis, however, showed that warming caused
foliar Si concentrations to be lower in —Si plants only (F; 44 = 6.46, P =0.015) and had no
impact on +Si plants (F; 44 = 0.28, P = 0.600). Denominator degrees of freedom are higher
because frame could not be included as block term in these contrasts due to confounding
effects. While —Si plants in warmed plots had the lowest concentrations of foliar Si,
supplementation with Si increased concentrations in warmed plots (F; 33 =7.09, P =0.012)
and restored levels to those seen in ambient plots. Si supplementation had no impact in
ambient plots (F, 33 =0.49, P = 0.489). Si concentrations in the roots were unaffected by

warming or Si supplementation (Table 1).

Leaf biomechanical properties

Overall, the force required to fracture leaves at the midrib was c. 32% higher in +Si
plants than -Si plants (Fig. 5A). Midrib and lamina thickness were not significantly affected
by Si supplementation or warming (data not shown) and midribs of leaves from +Si plants
were consequently c. 21% tougher (i.e. they had a higher specific work of fracture) than

leaves from -Si plants (Fig. 5B). Si supplementation significantly increased midrib force to

11
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fracture and midrib toughness in ambient plots (t =-2.61, P=0.013 and t = -2.24, P =0.032,
respectively) but these increases in +Si plants were less pronounced in warmed plots (t = -
1.31, P=0.200 and t = -0.60, P = 0.551, respectively). Overall leaf toughness was not
significantly affected by Si supplementation (Table 1). Warming had a negligible impact on

leaf biomechanical measures (Fig. 5, Table 1).

Insect herbivore performance

Relative growth rate (RGR) of H. armigera was halved when feeding on +Si plants
compared to herbivores feeding on -Si plants, though this was only statistically significant
under ambient conditions (F; 33 = 9,53, P =0.004) and not under warmed conditions (F; 33 =
2.11, P=10.156) (Fig. 6). Herbivore RGR was also negatively affected by warming compared
to those feeding on plants grown in ambient plots (c. -55%). Analysing herbivore mass with
ANCOVA (as recommended by Raubenheimer & Simpson 1992) gave similar results for
temperature (F; 9 = 5.81, P =0.039) and Si supplementation (F; 33 = 9.86, P = 0.004), with no

interactive effect between the two (F; 33 = 1.16, P = 0.289).

Discussion

This study has shown that under ambient temperatures Si supplementation increased
plant growth and leaf biomechanical resistance of a pasture grass, which was associated with
a sharp decline in herbivore performance, but without a significant increase in foliar Si
concentrations. Warming reduced Si uptake in plants, potentially due to lower levels of soil
water, but this was remedied with Si supplementation which producec foliar Si
concentrations similar to those in plants growing under ambient conditions. While
biomechanical properties were enhanced and herbivore performance diminished in warmed

+Si plants, this was not quite to the same extent as plants growing under ambient conditions.

12
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It is therefore possible that Si was being used by plants to alleviate other adverse effects of

temperature and/or water stress under warmed conditions.

Global warming and Si uptake

We hypothesised that warming increases Si uptake under the expectation that
warming would enhance plant growth. Our results showed this not to be the case and
warming generally had negative impacts on plant growth and Si uptake. Plants take up Siin a
soluble form (silicic acid) which is influenced, at least in part, by hydraulic and osmotic
processes in the plant (Quigley & Anderson 2014; McLarnon et al. 2017). Maintaining Si
uptake via such mechanisms when Si was plentiful but with reduced soil water under
warming, however, probably comes at a physiological cost and may explain why leaf
biomechanical properties (and herbivore resistance) were enhanced to a lesser extent.
Increasing Si uptake may also reflect a strategy to alleviate the effects of mild water stress
when Si was plentiful since Si is well documented to relieve the effects of drought in plants
(Debona et al. 2017). Indeed, a rain exclusion experiment reported that two grasses (Cynodon
dactylon and Eragrostis curvula) took up significantly more Si when experiencing drought
conditions in conjunction with root herbivory (Power et al. 2016).

In a glasshouse study using eight grass species, elevated temperatures were reported
not to affect Si concentrations overall, but some species showed significant responses
(Johnson & Hartley 2018). In particular, grass species native to Australia contained higher
concentrations of Si, which rose in response to warmer conditions (c. +19%) whereas exotic
species showed declines (c. -10%) in Si concentrations. It remains speculative, but having the
capacity to absorb large amounts of Si might be a selective advantage to plants evolving in
low-nutrient soils and seasonally arid climates such as Australia (Johnson & Hartley 2018).

Phalaris aquatica originated in Southern Europe and the Caucasus and while now

13
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naturalised, it is exotic to Australia (Popay 2015). The observed declines in Si at warmer
temperatures observed in the present study are therefore consistent with patterns for exotic
species tested by Johnson and Hartley (2018). We should caution, however, that
comparatively few grass species have been investigated in terms of global warming and Si
uptake, and most of these (like the current study) were conducted over relatively short time
periods. Moreover, the effects of warming on Si uptake can be further reduced by factors
such as elevated atmospheric carbon dioxide concentrations (Ryalls, Hartley & Johnson

2017; Johnson & Hartley 2018) so warming effects could be context dependent.

Si and leaf biomechanical properties

Si supplementation is known to change biomechanical properties of plants with
consequent negative impacts on herbivores, either through physical effects or reduced
digestion (Hochuli 1996; Hanley, Lamont, Fairbanks & Rafferty 2007). Silicification of
leaves can wear down insect mouthparts which ultimately inhibits feeding (e.g. Massey &
Hartley 2009), although this not the case for all mandibulate herbivores (e.g. Kvedaras,
Byrne, Coombes & Keeping 2009). The relatively short period that herbivores fed on plants
in the present study may have been sufficient to cause mandibular wear due to silicification
resulting in lower RGR (e.g. Massey & Hartley 2009). Alternatively, silicification of leaves
can also immediately inhibit the ability of chewing herbivores to fracture plant tissue, for
instance by absorbing energy which reduces fracture propagation (Clissold 2008). This seems
a more likely reason for the observed reductions in herbivore performance although this does
not exclude the possibility that Si enhanced the efficacy of other chemical defences (Coskun
et al. 2018; Frew et al. 2018) or otherwise reduced the digestibility of plant tissue (Massey

and Hartley 2009).

14
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It was noteworthy that toughness increased in the midrib of +Si plants, but not for the
leaf overall, indicating less, if any, toughening of the lamina. This may explain why we saw
modest increases in concentrations of leaf Si overall with supplementation. While Si
supplementation was clearly associated with greater biomechanical strength, this may have
been due to localised Si deposition which was less detectable when we analysed all of the
tissue collectively (i.e. dilution effects masked differences). Using 17 species of rice (Oryza
spp.), Whang, Kim and Hess (1998) showed that silica bodies of the midrib differed
markedly from those of other leaf veins. The significance of these differences is unknown,
but our findings show that Si supplementation does not result in uniformly tougher leaves and

biomechanical resistance to herbivory may be based largely within the midrib.

Warming and herbivore performance

Warming also reduced the performance of herbivores, perhaps reflecting a decline in
plant vigour as the effects of warming and soil drying took effect. The nitrogen content of
foliage, for example, often decreases with increased temperature (Zvereva & Kozlov 2006),
although this is a highly variable response (Sardans, Rivas-Ubach & Penuelas 2012; Johnson
& Hartley 2018). While warming may also increase tissue toughness, Zvereva and Kozlov
(2006) found no statistically significant effects across plant taxa in their meta-analysis.
Warming may have also directly affected insect physiology, with warmed plots often
exceeding 35°C for short periods. Temperatures of 35°C are considered to be highly adverse
for this species (Mironidis 2014) and may have increased risk of desiccation. Regardless,
warming clearly had negative impacts on herbivores, which may explain why performance

tended to decline on warmed —Si plants despite them having lower concentrations of Si.

Conclusions
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Every model released by the Intergovernmental Panel on Climate Change predicts
increases in mean air temperature by 2100 (IPCC 2013). It is therefore important to
understand the effects of warming on grasslands, particularly using realistic warming
conditions that incorporate natural stochastic variation in air temperature (Lindroth & Raffa
2016). In Australia alone, P. aquatica based pastures account for 1.6 million hectares of land
(Popay 2015) yet little is known about how this species responds to climate warming. As a
temperate grass usually sown in Autumn, the optimum temperature for P. aquatica seedling
growth is 15-20°C (Watson 1995). Mean daily temperature exceeded this in 42 of the 50 days
in warmed plots, which suggests that even modest increases in Autumn temperatures may
adversely affect this species. Given the known benefits of Si for stress alleviation in grasses,
maximising Si uptake may be important for climate change mitigation (Frew, Allsopp,
Gherlenda & Johnson 2017). This could include irrigation measures, use of cultivars that are
naturally high accumulators of Si, supplementation with sources of Si (e.g. silicon fertilisers)
and targeted remediation of Si deficient soils (Guntzer et al. 2012; Liang, Nikolic, Belanger,

Gong & Song 2015; Haynes 2017).

Acknowledgements

The warming frames were built with a E.A. Southee Award to JIMWR from the
Hawkesbury Foundation. The steel frames were constructed by P&C Laws (Richmond,
NSW). The research was further funded by grants from the Australian Research Council to
SNJ and BDM (DP14100363) and SNJ (DP170102278 and FT170100342). Jenni Kremer
and Jessica Ezweld are thanked for undertaking technical assistance. Gavin Tory and Marc
Smith of Australian Steel Mill Services are thanked for advice and provision of the calcium

silicate.

16

Functional Ecology: Confidential Review copy



Page 17 of 36

403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424

425

Functional Ecology: Confidential Review copy

Authors’ contributions

SNJ, BDM and JMWR conceived the ideas for the study with methodological design
also including CVB, MGT and [JW. SNJ and IMWR oversaw data collection with BDM
overseeing biomechanical testing with direction from IJW. SNJ led manuscript preparation

with all authors contributing critically to drafts before giving approval for submission.

Data accessibility

Datasets are available through Dryad [DOI: to follow].

References

Aranwela, N., Sanson, G. & Read, J. (1999) Methods of assessing leaf-fracture properties.
New Phytologist, 144, 369-383. doi: 10.1046/5.1469-8137.1999.00506.x

Clissold, F.J. (2008) The biomechanics of chewing and plant fracture: Mechanisms and
implications. Advances in Insect Physiology, 34, 317-372. doi: 10.1186/1741-7007-5-
6/issn 0065-2806

Cooke, J., DeGabriel, J.L. & Hartley, S.E. (2016) The functional ecology of plant silicon:
geoscience to genes. Functional Ecology, 30, 1270-1276. doi: 10.1111/1365-
2435.12711

Cooke, J. & Leishman, M.R. (2011) Is plant ecology more siliceous than we realise? Trends
in Plant Science, 16, 61-68. doi: 10.1016/j.tplants.2010.10.003

Cooke, J. & Leishman, M.R. (2016) Consistent alleviation of abiotic stress with silicon
addition: a meta-analysis. Functional Ecology, 30, 1340-1357. doi: 10.1111/1365-

2435.12713

17

Functional Ecology: Confidential Review copy



426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

Functional Ecology: Confidential Review copy Page 18 of 36

Coskun, D., Deshmukh, R., Sonah, H., Menzies, J.G., Reynolds, O.L., Ma, J.F., Kronzucker,
H.J. & Bélanger, R.R. (2018) The controversies of silicon's role in plant biology. New
Phytologist, Online early: doi: 10.1111/nph.15343. doi: 10.1111/nph.15343

Currie, H.A. & Perry, C.C. (2007) Silica in plants: Biological, biochemical and chemical
studies. Annals of Botany, 100, 1383-1389. doi: 10.1093/aob/mcm?247

Debona, D., Rodrigues, F.A. & Datnoff, L.E. (2017) Silicon's role in abiotic and biotic plant
stresses. Annual Review of Phytopathology, 55, 85-107. doi: 10.1146/annurev-phyto-
080516-035312

Deshmukh, R. & Bélanger, R.R. (2016) Molecular evolution of aquaporins and silicon influx
in plants. Functional Ecology, 30, 1277-1285. doi: 10.1111/1365-2435.12570

Epstein, E. (1999) Silicon. Annual Review of Plant Physiology and Plant Molecular Biology,
50, 641-664. doi: 10.1146/annurev.arplant.50.1.641

Fauteux, F., Chain, F., Belzile, F., Menzies, J.G. & Bélanger, R.R. (2006) The protective role
of silicon in the Arabidopsis-powdery mildew pathosystem. Proceedings of the
National Academy of Sciences of the United States of America, 103, 17554-17559.
doi: 10.1073/pnas.0606330103

Frew, A., Allsopp, P.G., Gherlenda, A. & Johnson, S.N. (2017) Increased herbivory under
elevated atmospheric carbon dioxide concentrations is reversed by silicon-based plant
defences Journal of Applied Ecology, 54, 1310-1319. doi: 10.1111/1365-2664.12822

Frew, A., Weston, L.A., Reynolds, O.L. & Gurr, G.M. (2018) The role of silicon in plant
biology: a paradigm shift in research approach. Annals of Botany, 121, 1265-1273.
doi: 10.1093/a0b/mcy009

Friendly, M. (2000) Visualizing Categorical Data. SAS Institute, Cary, NC.

18

Functional Ecology: Confidential Review copy



Page 19 of 36

449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472

473

Functional Ecology: Confidential Review copy

Garbuzov, M., Reidinger, S. & Hartley, S.E. (2011) Interactive effects of plant-available soil
silicon and herbivory on competition between two grass species. Annals of Botany,
108, 1355-1363. doi: 10.1093/a0b/mcr230

Guntzer, F., Keller, C. & Meunier, J.D. (2012) Benefits of plant silicon for crops: a review.
Agronomy for Sustainable Development, 32, 201-213. doi: 10.1007/s13593-011-0039-
8

Hanley, M.E., Lamont, B.B., Fairbanks, M.M. & Rafferty, C.M. (2007) Plant structural traits
and their role in anti-herbivore defence. Perspectives in Plant Ecology Evolution and
Systematics, 8, 157-178. doi: 10.1016/j.ppees.2007.01.001

Hartley, S.E. (2015) Round and round in cycles? Silicon-based plant defences and vole
population dynamics. Functional Ecology, 29, 151-153. doi: 10.1111/1365-
2435.12365

Hartley, S.E. & DeGabriel, J.L. (2016) The ecology of herbivore-induced silicon defences in
grasses. Functional Ecology, 30, 1311-1322. doi: 10.1111/1365-2435.12706

Haynes, R.J. (2017) The nature of biogenic Si and its potential role in Si supply in
agricultural soils. Agriculture Ecosystems & Environment, 245, 100-111. doi:
10.1016/j.agee.2017.04.021

Hiltpold, 1., Demarta, L., Johnson, S.N., Moore, B.D., Power, S.A. & Mitchell, C. (2017)
Silicon and other essential element composition in roots using X-ray fluorescence
spectroscopy: a high throughput approach. Invertebrate Ecology of Australasian
Grasslands. Proceedings of the Ninth ACGIE (ed S.N. Johnson), pp. 191-196.
Western Sydney University, Hawkesbury, NSW, Australia.

Hochuli, D.F. (1996) The ecology of plant/insect interactions: Implications of digestive
strategy for feeding by phytophagous insects. Oikos, 75, 133-141. doi:

10.2307/3546331

19

Functional Ecology: Confidential Review copy



474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

Functional Ecology: Confidential Review copy Page 20 of 36

Hunt, J.W., Dean, A.P., Webster, R.E., Johnson, G.N. & Ennos, A.R. (2008) A novel
mechanism by which silica defends grasses against herbivory. Annals of Botany, 102,
653-656. doi: 10.1093/ao0b/men130

IPCC (ed) (2013) Climate change 2013: The physical science basis. Contribution of working
group I to the fifth assessment report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge.

Isbell, R. (2002) The Australian soil classification. CSIRO Publishing, Collingwood, VIC.

Johnson, S.N. & Hartley, S.E. (2018) Elevated carbon dioxide and warming impact silicon
and phenolic-based defences differently in native and exotic grasses. Global Change
Biology, 24, 3886-3896. doi: 10.1111/gcb.1397

Johnson, S.N., Lopaticki, G., Barnett, K., Facey, S.L., Powell, J.R. & Hartley, S.E. (2016) An
insect ecosystem engineer alleviates drought stress in plants without increasing plant
susceptibility to an above-ground herbivore. Functional Ecology, 30, 894-902. doi:
10.1111/1365-2435.12582

Kumar, S., Milstein, Y., Brami, Y., Elbaum, M. & Elbaum, R. (2017) Mechanism of silica
deposition in Sorghum silica cells. New Phytologist, 213, 791-798. doi:
10.1111/nph.14173

Kvedaras, O.L., Byrne, M.J., Coombes, N.E. & Keeping, M.G. (2009) Influence of plant
silicon and sugarcane cultivar on mandibular wear in the stalk borer Eldana
saccharina. Agricultural and Forest Entomology, 11, 301-306. doi: 10.1111/;.1461-
9563.2009.00430.x

Liang, Y., Nikolic, M., Belanger, R.R., Gong, H.J. & Song, A. (2015) Silicon in Agriculture:

from theory to practice. Springer Netherlands, Dordrecht.

20

Functional Ecology: Confidential Review copy



Page 21 of 36

497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520

521

Functional Ecology: Confidential Review copy

Liang, Y., Sun, W., Zhu, Y.-G. & Christie, P. (2007) Mechanisms of silicon-mediated
alleviation of abiotic stresses in higher plants: a review. Environmental Pollution,
147, 422-428. doi: 10.1016/j.envpol.2006.06.008

Lindroth, R.L. & Raffa, K.F. (2016) Experimental approaches for assessing invertebrate
responses to global change factors. Global Climate Change and Terrestrial
Invertebrates (eds S.N. Johnson & T.H. Jones), pp. 30-45. John Wiley & Sons,
Chichester, UK.

Ma, J.F. & Yamaji, N. (2015) A cooperative system of silicon transport in plants. Trends in
Plant Science, 20, 435-442. doi: 10.1016/j.tplants.2015.04.007

Ma, J.F., Yamaji, N., Tamai, K. & Mitani, N. (2007) Genotypic difference in silicon uptake
and expression of silicon transporter genes in rice. Plant Physiology, 145, 919-924.
doi: 10.1104/pp.107.107599

Maguire, T.J., Templer, P.H., Battles, J.J. & Fulweiler, R.W. (2017) Winter climate change
and fine root biogenic silica in sugar maple trees (Acer saccharum): Implications for
silica in the Anthropocene. Journal of Geophysical Research: Biogeosciences, 122,
708-715. doi: doi:10.1002/2016JG003755

Massey, F.P., Ennos, A.R. & Hartley, S.E. (2007) Herbivore specific induction of silica-
based plant defences. Oecologia, 152, 677-683. doi: 10.1007/s00442-007-0703-5

Massey, F.P. & Hartley, S.E. (2006) Experimental demonstration of the antiherbivore effects
of silica in grasses: impacts on foliage digestibility and vole growth rates.
Proceedings of the Royal Society B-Biological Sciences, 273, 2299-2304. doi:
10.1098/rspb.2006.3586

Massey, F.P. & Hartley, S.E. (2009) Physical defences wear you down: progressive and
irreversible impacts of silica on insect herbivores. Journal of Animal Ecology, 78,

281-291. doi: 10.1111/5.1365-2656.2008.01472.x

21

Functional Ecology: Confidential Review copy



522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

Functional Ecology: Confidential Review copy Page 22 of 36

McLarnon, E., McQueen-Mason, S., Lenk, I. & Hartley, S.E. (2017) Evidence for active
uptake and deposition of Si-based defenses in tall fescue. Frontiers in Plant Science,
8, 1199. doi: 10.3389/fpls.2017.01199

Mironidis, G.K. (2014) Development, survivorship and reproduction of Helicoverpa armigera
(Lepidoptera: Noctuidae) under fluctuating temperatures. Bulletin of Entomological
Research, 104, 751-764. doi: 10.1017/S0007485314000595

Peeters, P.J., Sanson, G. & Read, J. (2007) Leaf biomechanical properties and the densities of
herbivorous insect guilds. Functional Ecology, 21, 246-255. doi: 10.1111/5.1365-
2435.2006.01223.x

Popay, 1. (2015) Phalaris aquatica L. (Bulbous canarygrass). Invasive Species Compendium
(ed I. Popay). CAB International, Wallingford, UK.

Power, S.A., Barnett, K.L., Ochoa-Huesco, R., Facey, S.L., Gibson-Forty, E., V-J, Hartley,
S.E., Nielsen, U.N., Tissue, D.T. & Johnson, S.N. (2016) DRI-Grass: a new
experimental platform for addressing grassland ecosystem responses to future
precipitation scenarios in south-east Australia. Frontiers in Plant Science, 7, 1373.
doi: 10.3389/fpls.2016.01373

Quigley, K.M. & Anderson, T.M. (2014) Leaf silica concentration in Serengeti grasses
increases with watering but not clipping: insights from a common garden study and
literature review. Frontiers in Plant Science, 5, 568. doi: 10.3389/fpls.2014.00568

Raubenheimer, D. & Simpson, S.J. (1992) Analysis of covariance - an alternative to
nutritional indexes. Entomologia Experimentalis Et Applicata, 62, 221-231. doi:
10.1111/5.1570-7458.1992.tb00662.x

Reidinger, S., Ramsey, M.H. & Hartley, S.E. (2012) Rapid and accurate analyses of silicon
and phosphorus in plants using a portable X-ray fluorescence spectrometer. New

Phytologist, 195, 699-706. doi: 10.1111/5.1469-8137.2012.04179.x

22

Functional Ecology: Confidential Review copy



Page 23 of 36

547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570

571

Functional Ecology: Confidential Review copy

Reynolds, O.L., Keeping, M.G. & Meyer, J.H. (2009) Silicon-augmented resistance of plants
to herbivorous insects: a review. Annals of Applied Biology, 155, 171-186. doi:
10.1111/5.1744-7348.2009.00348.x

Ryalls, JJM.W., Hartley, S.E. & Johnson, S.N. (2017) Impacts of silicon-based grass defences
across trophic levels under both current and future atmospheric CO, scenarios.
Biology Letters, 13, 20160912. doi: 10.1098/rsbl.2016.0912

Sanson, G., Read, J., Aranwela, N., Clissold, F. & Peeters, P. (2001) Measurement of leaf
biomechanical properties in studies of herbivory: Opportunities, problems and
procedures. Austral Ecology, 26, 535-546. doi:

Sardans, J., Rivas-Ubach, A. & Penuelas, J. (2012) The C:N:P stoichiometry of organisms
and ecosystems in a changing world: A review and perspectives. Perspectives in Plant
Ecology Evolution and Systematics, 14, 33-47. doi: 10.1016/j.ppees.2011.08.002

Schoelynck, J., Mueller, F., Vandevenne, F., Bal, K., Barao, L., Smis, A., Opdekamp, W.,
Meire, P. & Struyf, E. (2014) Silicon-vegetation interaction in multiple ecosystems: a
review. Journal of Vegetation Science, 25, 301-313. doi: 10.1111/jvs.12055

Teakle, R.E. & Jensen, J.M. (1985) Heliothis punctiger. Handbook of insect rearing, vol. 2
(eds R. Singh & R.F. Moore), pp. 312-322. Elsevier, Amsterdam, The Netherlands.

Van Bockhaven, J., De Vleesschauwer, D. & Hofte, M. (2013) Towards establishing broad-
spectrum disease resistance in plants: silicon leads the way. Journal of Experimental
Botany, 64, 1281-1293. doi: 10.1093/jxb/ers329

Wang, M., Gao, L.M., Dong, S.Y., Sun, Y.M., Shen, Q.R. & Guo, S.W. (2017) Role of
silicon on plant-pathogen interactions. Frontiers in Plant Science, 8, 701. doi:
10.3389/1pl1s.2017.00701

Watson, R. (1995) Phalaris, the hardy and productive perennial. Pasture Plus: the complete

guide to pastures (ed M.F. Casey). Kondinin Group, WA Australia, Belmont.

23

Functional Ecology: Confidential Review copy



572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

Functional Ecology: Confidential Review copy Page 24 of 36

Whang, S.S., Kim, K. & Hess, W.M. (1998) Variation of silica bodies in leaf epidermal long
cells within and among seventeen species of Oryza (Poaceae). American Journal of
Botany, 85, 461-466. doi: 10.2307/2446428

Wright, 1.J. & Cannon, K. (2001) Relationships between leaf lifespan and structural defences
in a low-nutrient, sclerophyll flora. Functional Ecology, 15, 351-359. doi:
10.1046/j.1365-2435.2001.00522.x

Yamaji, N., Mitatni, N. & Ma, J.F. (2008) A transporter regulating silicon distribution in rice
shoots. Plant Cell, 20, 1381-1389. doi: 10.1105/tpc.108.059311

Ye, M., Song, Y.Y., Long, J., Wang, R.L., Baerson, S.R., Pan, Z.Q., Zhu-Salzman, K., Xie,
J.F., Cai, K.Z., Luo, S.M. & Zeng, R.S. (2013) Priming of jasmonate-mediated
antiherbivore defense responses in rice by silicon. Proceedings of the National
Academy of Sciences of the United States of America, 110, E3631-E3639. doi:
10.1073/pnas.1305848110

Zvereva, E.L. & Kozlov, M.V. (2006) Consequences of simultaneous elevation of carbon
dioxide and temperature for plant—herbivore interactions: a metaanalysis. Global

Change Biology, 12, 27-41. doi: 10.1111/5.1365-2486.2005.01086.x

24

Functional Ecology: Confidential Review copy



Page 25 of 36 Functional Ecology: Confidential Review copy

589  Table 1. Impacts of warming and Si supplementation on root silicon concentrations and overall leaf toughness (mean + standard error) with

590 results of statistical analysis below. N = 12 (six frames containing two pots).

591
Temperature Si treatment Root silicon Overall leaf toughness
(% dry mass) (N m)
S 6.26 + 047 918.50 + 87.72
Ambient
+Si 856+ 098 1067.41 + 65.24
S 235+ 1.13 881.50 + 107.56
Warmed
+Si 706+1.17 949.00 + 54.32
Statistical
analysis T Fi10=0.61, P=0.453 F13=0.13, P=0.731
Si Fi134=0.93,P=0.342 Fi3=1.12, P=0.299
T x Si Fi134=1.85,P=0.182 Fi130=0.73, P=0.398
592
593
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594  Figure Legends

595  Figure 1. (A) Schematic of warming frames (one plant per pot shown for clarity) used in the study
596  and (B) typical thermal image of a warmed area showing temperature within (circle 1) and outside
597  (circle 2) the frames.

598  Figure 2. (A) Mean daily plant canopy surface temperature within ambient (open circles) and

599  warmed (closed circles) frames during the experiment (Austral Autumn). Mean values + standard
600 error (latter mostly obscured) for frames (N = 6) shown. (B) Soil water content of pots in ambient
601  and warmed frames supplemented with Si (grey bars) and untreated (white bars). Mean values +
602  standard error shown (N = 12; six frames containing two pots). Result of statistical analysis for
603  temperature (T) and Si supplementation (Si) provided.

604  Figure 3. Impacts of warming and Si supplementation on shoot and root growth!. Mean values +
605  standard error shown (N = 12; six frames containing two pots). Results of statistical analyses for
606  temperature (T) and Si supplementation (Si) provided with statistically significant differences

607  between —Si and +Si plants determined by contrast analysis indicated *P < 0.05. 'Data log

608 transformed prior to analysis.

609  Figure 4. Impacts of warming and Si supplementation on Si concentrations in the leaves. Mean
610  values =+ standard error shown (N = 12; six frames containing two pots). Results of statistical

611  analyses for temperature (T) and Si supplementation (Si) provided with statistically significant
612  differences between —Si and +Si plants determined by contrast analysis indicated *P < 0.05. 'Data
613  logit transformed prior to analysis.

614  Figure 5. Impacts of warming and Si supplementation on (A) force to fracture the midrib and (B)
615  midrib toughness. Mean values + standard error shown. Results of statistical analyses for

616  temperature (T) and Si supplementation (Si) provided with statistically significant differences

617  between —Si and +Si plants determined by contrast analysis indicated *P < 0.05.

618
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619

620

621

622

623

Figure 6. Relative growth rates (RGR) of H. armigera feeding on -Si and +Si plants under ambient
and warmed air temperatures. Mean values + standard error shown (N = 12; six frames containing
two pots). Results of statistical analyses for temperature (T) and Si supplementation (Si) provided
with statistically significant differences between —Si and +Si plants determined by contrast analysis

indicated **P < 0.01.
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element

— 0.9m

(B)
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Circle 2

Figure 1. (A) Schematic of warming frames (one plant per pot shown for clarity) used in the study and (B)
typical thermal image of a warmed area showing temperature within (circle 1) and outside (circle 2) the
frames.
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Figure 2. (A) Mean daily plant canopy surface temperature within ambient (open circles) and warmed
(closed circles) frames during the experiment (Austral Autumn). Mean values £ standard error (latter mostly
obscured) for frames (N = 6) shown. (B) Soil water content of pots in ambient and warmed frames
supplemented with Si (grey bars) and untreated (white bars). Mean values * standard error shown (N = 12;
six frames containing two pots). Result of statistical analysis for temperature (T) and Si supplementation
(Si) provided.
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Figure 3. Impacts of warming and Si supplementation on shoot and root growthl. Mean values * standard
error shown (N = 12; six frames containing two pots). Results of statistical analyses for temperature (T) and
Si supplementation (Si) provided with statistically significant differences between -Si and +Si plants
determined by contrast analysis indicated *P < 0.05. 1Data log transformed prior to analysis.
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Figure 4. Impacts of warming and Si supplementation on Si concentrations in the leaves. Mean values =
standard error shown (N = 12; six frames containing two pots). Results of statistical analyses for
temperature (T) and Si supplementation (Si) provided with statistically significant differences between -Si
and +Si plants determined by contrast analysis indicated *P < 0.05. 1Data logit transformed prior to
analysis.
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Figure 5. Impacts of warming and Si supplementation on (A) force to fracture the midrib and (B) midrib
toughness. Mean values = standard error shown. Results of statistical analyses for temperature (T) and Si
supplementation (Si) provided with statistically significant differences between -Si and +Si plants
determined by contrast analysis indicated *P < 0.05.

215x279mm (300 x 300 DPI)

Functional Ecology: Confidential Review copy



Page 33 of 36 Functional Ecology: Confidential Review copy

015 |:|S|- D Si+ T F1_10= 5.06, P=0.048
Si: F, 5, = 10.61, P = 0.003
< Tx Si: F, 4 = 1.38, P = 0.240
' *%*
% S 010 7
- o
O~ 1
)
) T
S
® g 005 - 1 r
m i
r & T
T
1
0.00
Ambient Warmed
Temperature

Figure 6. Relative growth rates (RGR) of H. armigera feeding on -Si and +Si plants under ambient and
warmed air temperatures. Mean values £ standard error shown (N = 12; six frames containing two pots).
Results of statistical analyses for temperature (T) and Si supplementation (Si) provided with statistically
significant differences between -Si and +Si plants determined by contrast analysis indicated **P < 0.01.
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Supplemental Material

Table S1. Chemical composition and characteristics of the homogenised soil (analysed by

Environmental Analysis Laboratory at Southern Cross University, Australia).

Method Nutrient / Property Units Mean Standard Error
Colwell Phosphorus mg/kg 17.38 1.43
Nitrate Nitrogen mg/kg 16.74 13.29
KCl Ammonium Nitrogen mg/kg 2.75 0.37
Sulfur mg/kg 4.82 1.30
) pH units 6.12 0.24
135 Water Conductivity dS/m 0.05 0.02
Calculation Estimated Organic Matter % OM 2.66 0.71
cmolt/kg 3.46 0.81
Calcium kg/ha 1552.04 364.26
mg/kg 692.87 162.62
cmol*/kg 0.78 0.10
) Magnesium kg/ha 213.13 26.62
‘Zn;‘;;)tnel“f meke 95.15 11.88
Calculations ‘ cmol*/kg 0.42 0.05
Potassium kg/ha 369.84 41.43
mg/kg 165.11 18.50
cmol*/kg 0.09 0.02
Sodium kg/ha 4491 8.53
mg/kg 20.05 3.81
cmol*/kg 0.02 0.00
KCl Aluminium kg/ha 3.66 0.62
mg/kg 1.63 0.28
cmol*/kg 0.05 0.01
Acidity Titration Hydrogen kg/ha 1.18 0.27
mg/kg 0.53 0.12
Calculation Effe%{:;acci"t‘;‘zg ggg;ange cmol*/kg 4.82 0.89
Calcium % 70.46 3.55
Magnesium % 16.70 1.63
Base Saturation Potassium % 9.30 1.65
Calculations Sodium - ESP % 1.96 0.61
Aluminium % 0.41 0.12
Hydrogen % 1.17 0.34
Calculation Calcium / Magnesium Ratio ratio 4.35 0.69
CaCl, Soil pH (CaCl,) units 5.50 0.22
Zinc mg/kg 2.36 0.74
Manganese mg/kg 87.45 22.77
DTPA Iron mg/kg 70.46 5.00
Copper mg/kg 1.00 0.22
CaCl, Boron mg/kg 0.29 0.03
Silicon (bioavailable) mg/kg 23.42 0.83
LECO IR Total Carbon % 1.52 0.41
Analyser Total Nitrogen % 0.12 0.03
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Fig. S1. A representative force-displacement curve for a Phalaris aquatica leaf. The red line indicates the
portion over which the average force was calculated and maximum force applied to sever the leaf’s midrib is
indicated ‘max’. The baseline is indicated by the black dashed line; note the failure of the force measurement to

return to the baseline after the leaf was severed due to the leaf blade having folded between the blade and anvil.
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Fig. S2. Temperatures for all 12 frames running under ambient (grey lines) and warmed (black lines) conditions

over a three-day period during the experiment. Note the higher variation in warmed frames during the middle of
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March 21, which was a windy day and therefore harder to consistently warm.
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