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Species and community-level responses to warming are well documented, with plants
and invertebrates known to alter their range, phenology or composition as temperature
increases. The effects of warming on biotic interactions are less clearly understood,
but can have consequences that cascade through ecological networks. Here, we used a
natural soil temperature gradient of 5–35°C in the Hengill geothermal valley, Iceland,
to investigate the effects of temperature on plant community composition and plant–
invertebrate interactions. We quantified the level of invertebrate herbivory on the plant
community across the temperature gradient and the interactive effects of temperature,
plant phenology (i.e. development stage) and vegetation community composition on
the probability of herbivory for three ubiquitous plant species, Cardamine pratensis,
Cerastium fontanum and Viola palustris. We found that the percentage cover of graminoids and forbs increased, while the amount of litter decreased, with increasing soil
temperature. Invertebrate herbivory also increased with soil temperature at the plant
community level, but this was underpinned by different effects of temperature on
herbivory for individual plant species, mediated by the seasonal development of plants
and the composition of the surrounding vegetation. This illustrates the importance of
considering the development stage of organisms in climate change research given the
variable effects of temperature on susceptibility to herbivory at different ontogenetic
stages.
Keywords: climate change, geothermal gradient, global warming, Hengill, life history,
natural experiment, Subarctic, trophic interactions

Introduction
Mean global surface temperatures are projected to rise by at least 1.5°C by 2100, with
the fastest rates of warming in the Arctic region (IPCC 2014). Species-level responses
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to warming over the last century have been comprehensively
documented, such as altered geographical ranges and phenology, i.e. the seasonal timing of life-cycle events (Visser
and Holleman 2001, Parmesan 2006). These changes reflect
a combination of direct physiological responses to warming
and indirect responses mediated by changes in interspecific
interactions. But there is limited understanding of how species interactions will respond to climate change, even though
disruption of interactions has the potential to cause cascading effects through ecological networks (Tylianakis et al.
2008, Van der Putten et al. 2010, Kharouba et al. 2018).
Antagonistic interactions could be exacerbated or mutualistic interactions disrupted, especially if interacting partners display dissimilar responses to changing climatic cues
(Durant et al. 2007, Walther 2010).
Experimental warming of plant communities at northern
latitudes has led to increased growth rates (Arft et al. 1999,
Klein et al. 2008) and biomass production (Richardson et al.
2002, Brooker and van der Wal 2003), although responses
often depend on the type of vegetation (Jónsdóttir et al.
2005, Walker et al. 2006). Warming also leads to changes in
plant community composition that can have consequences
for higher trophic levels (Richardson et al. 2002, Brooker
and van der Wal 2003, Walker et al. 2006). The effects of
warming on plants may even be mediated by higher trophic
levels (Walther 2010), e.g. the response of an Arctic plant
community to warming depended on the presence of herbivores within the system (Post and Pedersen 2008). Direct
responses to temperature at one trophic level can also propagate through ecological networks, e.g. warming in Greenland
reduced caribou reproductive success because the timing of
calving no longer coincided with the onset of plant growth
(Post and Forchhammer 2008). Therefore, it is vital to understand how trophic interactions will change with warming in
order to predict how species and communities will respond to
climate change (Gilman et al. 2010).
Terrestrial invertebrate herbivory is important in structuring plant communities (Wardle and Barker 1997, Allan
and Crawley 2011), but climate change is likely to alter the
strength of herbivory and the extent and frequency of invertebrate herbivore outbreaks (Bale et al. 2002, Wolf et al.
2008). Evidence from the fossil record shows greater damage
to plant tissues during climate warming from the late-Palaeocene to mid-Eocene, suggesting that the activity of insect
herbivores increases with temperature (Wilf and Labandeira
1999). Dynamic modelling also suggests that climate change
could intensify levels of invertebrate herbivory on vegetation
(Wolf et al. 2008). The response of plant–herbivore interactions to future warming is difficult to predict, however, with
previous studies emphasising the complexity of the expected
response through variable, and often species-specific, effects
of temperature on invertebrate herbivory (Kingsolver and
Woods 1998, Richardson et al. 2002, Roy et al. 2004,
Lemoine et al. 2013, Leckey et al. 2014, Barrio et al. 2016,
2017, Birkemoe et al. 2016).
Herbivorous invertebrates rely on the presence of plant
material of a specific age at key points in their life-cycle,
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therefore synchronous plant and invertebrate responses to
altered climatic cues are crucial (Memmott et al. 2007, Van
der Putten et al. 2010). There are species-specific examples
of strong selection on the timing of insect emergence, ensuring coordination with availability of the required food plant
(Visser and Holleman 2001, van Asch et al. 2007). Shifting
climatic patterns might disrupt the coincidence of insect
emergence and food plant availability, influencing the quality and quantity of food available (van Asch et al. 2007). At
larger scales, climate warming mediates insect herbivore outbreaks with ecosystem-level impacts (Karlsson et al. 2004,
Jepsen et al. 2008). Climate change could thus facilitate
invertebrate range expansions, but phenological mismatches
could result in lower fitness and impacts that propagate
through an ecosystem (Kharouba et al. 2018).
The effect of temperature on plant–invertebrate interactions will often have consequences for plant fitness, depending
on whether plants suffer increased or decreased exposure to
herbivory (Bale et al. 2002, Jepsen et al. 2008). For example,
changes in the onset of plant growth can alter exposure to
herbivores (Post et al. 2009). Advanced onset of growth in
common St John’s wort Hypericum perforatum due to experimental warming led to decreased damage from insect herbivores (Fox et al. 1999). Conversely, with earlier onset of growth
in high Arctic plant communities due to earlier snowmelt, the
simultaneous earlier emergence of moths resulted in greater
herbivory on mountain avens flowers (Berg et al. 2008).
Natural temperature gradients have been proposed
as model systems that substitute space for time in the
study of climate warming impacts (Dunne et al. 2003,
O’Gorman et al. 2014). They simulate some of the control
provided by temperature manipulations in a laboratory setting, whilst maintaining all the processes and variability of
natural environments. Here, we used a natural soil temperature gradient of 5–35°C in a low Arctic community, dominated by herbaceous plants and bryophytes to investigate the
response of plants and invertebrates to environmental warming at high latitudes. We hypothesised (H1) that vegetation
community composition would change with increasing soil
temperature, with a greater percentage cover of graminoids
and litter and a reduction in bryophytes and lichens (Brooker
and van der Wal 2003, Walker et al. 2006). We hypothesised
(H2) that invertebrate herbivory would increase with increasing soil temperature at both the plant community and species
levels (Wilf and Labandeira 1999, Wolf et al. 2008). Finally,
we hypothesised (H3) that plant phenology would mediate
temperature effects on plant–invertebrate interactions, with
less damage from invertebrate herbivores at later stages of
development (Fox et al. 1999).

Methods
Study site

The study was conducted from May to July 2017 in the Hengill
Valley, Iceland (64°3′N, 21°18′W, 350–420 m a.s.l.), 40 km

east of Reykjavík (Supporting information). Geothermal
activity generates a natural gradient of soil temperatures at
a fine spatial scale, facilitating the exploration of thermal
effects on the terrestrial community without confounding
factors such as atmospheric conditions, biogeography and
dispersal constraints (O’Gorman et al. 2014, Robinson et al.
2018). Previous research in the study area has shown changes
in plant phenology and reductions in the overall diversity of
the plant and invertebrate communities as soil temperature
increases, although total plant cover and invertebrate biomass are largely unchanged across the temperature gradient
(Robinson et al. 2018, Valdés et al. 2019). The vegetation
is representative of a low Arctic community, dominated by
herbaceous perennial flowering plants and bryophytes, with
a flowering season from May to September. The terrestrial
fauna is dominated by invertebrates, thus while the area is
grazed by sheep from June to September, only invertebrate
herbivory was considered in this study. Key invertebrate herbivores at the site include aphids, springtails, scale insects,
slugs, moth larvae, leafhoppers and weevils (Supporting
information). Survey work conducted during the same time
of year as this study showed a similar species richness and
abundance of invertebrate herbivores across the soil temperature gradient in Hengill (Supporting information).
Herbivory assessments were made at the plant community
and species levels. We focused on three plant species with a
widespread occurrence across the temperature gradient: cuckooflower Cardamine pratensis, common mouse-ear Cerastium
fontanum and marsh violet Viola palustris. The three species
have different growth forms and expected susceptibilities to
invertebrate herbivory (Turcotte et al. 2014). Cardamine pratensis has pinnate leaves with multiple leaflets up to 1 cm wide
and individuals in our study had up to 20 flowering stems
and 30 basal leaves. Cerastium fontanum is a densely hairy
herb with runners, erect flowering shoots and paired leaves
that are up to 1 cm wide, while individuals in our study had
up to 30 runners and 250 leaves. Viola palustris has hairless
kidney-shaped leaves that are 1–4 cm wide and individuals
in our study had up to 14 leaves (Supporting information).
Experimental design

Fourteen experimental plots measuring 66–210 m2 were
established within a 1 km2 area of the Hengill valley in May
2017 (Supporting information). Plot locations were chosen
to ensure that individuals of the focal plant species were distributed evenly across a gradient of soil temperatures, whilst
also aiming for within-plot variation in temperature where
possible. Thirty individuals per species of C. pratensis, C.
fontanum and V. palustris were marked in each of ten plots,
using a stratified random sampling method where individuals were randomly selected, but the full range of within-plot
soil temperatures was represented. For the community-level
herbivory assessments, five 50 × 50 cm quadrats (hereafter
community-level quadrats) were marked at random points
in eight of the plots that best captured the full temperature
gradient (Supporting information).

Environmental variables

Soil temperature was recorded at 12 cm depth at five points
within each community-level herbivory quadrat and during each herbivory survey at every marked individual of
C. pratensis, C. fontanum and V. palustris, using a soil temperature probe. Percentage soil moisture was recorded in
each community-level herbivory quadrat using an ML3
ThetaProbe and HH2 Handheld Readout Unit. To quantify
soil pH and nutrient content, five soil cores were taken in
each community-level herbivory quadrat, using a 2 cm diameter soil auger, sampling 2–10 cm deep and homogenising
the five cores prior to analysis. Nitrate and ammonium were
extracted from fresh soil using 2 M KCl solution with a 5:1
soil-to-solution ratio (Blakemore et al. 1987). Phosphate was
extracted from fresh soil using an ammonium lactate–acetic acid buffer (pH 3.75) with a 10:1 soil-to-solution ratio
(Egnér et al. 1960). Nutrient concentrations were assessed
colourimetrically, with detection limits of 0.17 mg kg−1 for
nitrate and ammonium, and 0.30 mg kg−1 for phosphate.
The remainder of the soil was dried for 13 h at 80°C, after
which time 10 g was added to 25 ml deionised water, shaken
vigorously and left for 12 h before measurement with a pH
probe (Blakemore et al. 1987).
Quantifying plant phenology and vegetation
communities

The floral development stage of each marked individual of C.
pratensis, C. fontanum and V. palustris was estimated weekly
throughout the study as a measure of plant phenology. The
development stages were denoted as follows: 1) only vegetative growth, plant < 2 cm; 2) only vegetative growth, plant
> 2 cm; 3) buds just starting to form, very small, close to
leaves; 4) buds at medium size; 5) buds large, but still completely closed; 6) buds large and starting to open; 7) buds
large and opening more, petals > sepals; 8) at least one flower
opened; 9) all flowers opened, none yet wilted; and 10) flowers starting to wilt. The aboveground vegetation community
was also surveyed in association with each community-level
quadrat from 6 to 7 June, and each individual marked plant
(i.e. species-level quadrats) from 20 to 27 May, using 50 × 50
cm quadrats. Percentage cover of functional groups of vegetation (bryophytes, forbs, graminoids, lichens, litter and bare
ground) was visually estimated at ground level as the midpoint of the following cover classes: 0–1, 1–2, 2–5, 5–10,
10–25, 25–50, 50–75, 75–95 and 95–100% (after Peet
et al. 1998).
Quantifying herbivory

Leaf herbivory was quantified using a ‘standing’ measure of
damage to leaves at each sampling time-point (Turcotte et al.
2014). The community-level herbivory assessment was conducted on 19 June. The number of damaged plants was
recorded out of 100 random individuals, selected using
a 10 × 10 grid within each 50 × 50 cm quadrat. For the
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species-level herbivory assessment, individual marked plants
were surveyed for signs of invertebrate herbivory every two
weeks from 30 May to 2 July, generating three time-points
per species. At each survey, all marked individuals for each
species were assessed within a 48-h period. Plants were
recorded as damaged or not damaged by invertebrate herbivores at each time-point. We only saw evidence for defoliation due to biting, with no leaf mining or galling. The
percentage of plants exhibiting damage ranged from 30 to
60% for each plant species at each sampling time-point, so
our measure of herbivory was never in danger of saturating.
The assessment of herbivore damage was only recorded on
healthy, fully expanded leaves; evidence of damage on wilted
leaves was not included in the overall estimation of herbivore
damage, as damage to these leaves could not be exclusively
attributed to invertebrate herbivory. To avoid overestimation
of the level of invertebrate herbivory, loss of entire leaves or
leaflets was only categorised as herbivore damage if part of the
petiole was still present with invertebrate bite marks evident
(Turcotte et al. 2014).
Statistical analysis

All statistical analyses were carried out in R ver. 4.0.2
<www.r-project.org>. Plant data with corresponding soil
temperatures >35°C were excluded because these extreme
temperatures are less relevant in a climate change context.
This excluded one of 40 community-level quadrats and 20 of
984 species-level quadrats. A Mantel test was used to check
for spatial structure in the soil temperature data by comparing pairwise distances between experimental plots with pairwise temperature differences after taking the average of all the
soil temperatures recorded in each plot (‘mantel’ function in
the ‘vegan’ package with ‘method = “spearman”’ to account for
non-normality of the distance data).
Associations between temperature and other measured
environmental variables (i.e. soil moisture, pH and concentrations of nitrate, ammonium and phosphate) were tested
using Pearson correlations and the false discovery rate correction for multiple testing (‘cor.test’ and ‘p.adjust’ functions
with ‘method = “fdr”’ in the ‘stats’ package). Note that the false
discovery rate is not as conservative as the Bonferroni correction and thus less likely to discard significant effects when
correcting for multiple testing (Benjamini and Hochberg
1995). Associations between environmental variables and the
percentage cover for each vegetation group sampled in the
community-level quadrats (n = 39) were also explored using
Pearson correlations.
The relationship between soil temperature and percentage
cover for each vegetation group in the species-level quadrats (n = 964) was assessed using linear mixed effects models
(LMM), with soil temperature as a continuous fixed effect
and a random intercept for experimental plot (‘lme’ function
in the ‘nlme’ package). The midpoints of the percentage cover
data were converted to proportions and logit transformed to
meet the assumption of normality of the model residuals.
Detrended correspondence analysis (DCA) was also used to
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produce a measure of vegetation community composition for
both the community- and species-level quadrats (‘decorana’
function in the ‘vegan’ package). The input was a site by vegetation matrix, based on the midpoints of the cover classes
for each vegetation group, and the first DCA axis was used
as a measure of vegetation community composition in subsequent analyses.
The major drivers of herbivory at the community level
were explored using LMM with a random intercept for experimental plot. We explored the main and interactive effects of
soil temperature and vegetation community composition as
continuous fixed effects to explain the proportion of plants
damaged per quadrat, dropping the interaction term from
the model if it was not significant (Crawley 2012).
The major drivers of herbivory at the species level were
explored using generalised linear mixed effects models
(GLMM) for each species with a random intercept for plant
identity nested within experimental plot nested within sampling time-point, and a binomial error structure and logit
link (‘glmer’ function in the ‘lme4’ package). We explored the
main effects of soil temperature (a continuous fixed effect),
plant phenology (a discrete fixed effect with integer values for
each development stage) and vegetation community composition (a continuous fixed effect), plus the interactive effects
of temperature:phenology and temperature:composition. We
also included a second-order polynomial term for phenology to account for possible reductions in herbivory in later
stages of development. We dropped any non-significant second-order polynomial or interaction terms from the model,
starting with the least significant higher-order term (Crawley
2012). Note that we used the measure of plant phenology that was closest in time to our measure of herbivory in
these analyses.

Results
Environmental variables

There was no significant correlation between pairwise distance and temperature difference between plots (Mantel test:
r = 0.15; p = 0.103). There was also no significant correlation
between temperature and soil moisture (Pearson correlation:
r = −0.15; p = 0.533), pH (Pearson correlation: r = 0.20;
p = 0.580), nitrate (Pearson correlation: r = 0.02; p = 0.907),
ammonium (Pearson correlation: r = −0.10; p = 0.664) or
phosphate (Pearson correlation: r = 0.35; p = 0.143).
Vegetation community

There was no significant relationship between temperature
and the percentage cover of bryophytes (LMM: t = −0.98;
p = 0.329; Fig. 1a) or lichens (LMM: t = −1.53; p = 0.127;
Fig. 1d) in the species-level quadrats. There was a significant
increase in the percentage cover of forbs (LMM: t = 6.88;
p < 0.001; marginal r2 = 0.10; conditional r2 = 0.48; Fig. 1b),
graminoids (LMM: t = 6.32; p < 0.001; marginal r2 = 0.09;

Figure 1. Relationships between temperature and the percentage cover of (a) bryophytes, (b) forbs, (c) graminoids, (d) lichens, (e) litter and
(f ) bare ground. Logit-transformed midpoints of percentage cover classes are shown on the y-axis and only significant trendlines for forbs
(y = 0.026x − 3.34; marginal r2 = 0.10; conditional r2 = 0.48), graminoids (y = 0.035x − 3.56; marginal r2 = 0.09; conditional r2 = 0.46),
litter (y = −0.043x − 1.89; marginal r2 = 0.02; conditional r2 = 0.62) and bare ground (y = −0.008x − 3.68; marginal r2 = 0.06; conditional
r2 = 0.09) are visualised in the figure.

conditional r2 = 0.46; Fig. 1c) and bare ground (LMM:
t = 2.54; p = 0.011; marginal r2 = 0.02; conditional r2 = 0.09;
Fig. 1f ), and a significant decrease in the percentage cover
of litter (LMM: t = −5.86; p < 0.001; marginal r2 = 0.06;
conditional r2 = 0.62; Fig. 1e) with increasing soil temperature. Soil moisture was positively correlated with graminoids
and negatively correlated with forbs in the community-level
quadrats, whilst phosphate was negatively correlated with
bryophytes (Supporting information).

For both the community- and species-level quadrats,
negative values of DCA axis 1 corresponded to communities
dominated by bryophytes, lichens and forbs, while positive
values of DCA axis 1 corresponded to communities dominated by litter (Supporting information). There was only a
significant (but weak) effect of temperature on vegetation
community composition in the species-level quadrats (p <
0.001, r2 = 0.02), with no effect of temperature in the community-level quadrats (p = 0.228, r2 = 0.08).

5

Herbivory

In the community-level quadrats, 24 ± 11% (mean ±
standard deviation, SD) of plants exhibited damage by
invertebrate herbivores. The optimal model describing
the proportion of herbivory at the plant community-level
included the main effects of soil temperature and plant community composition only (marginal r2 = 0.21; conditional
r2 = 0.21). There was a significant increase in the proportion
of plants exhibiting damage by herbivores with increasing
soil temperature (LMM: t = 3.06; p = 0.005; Fig. 2), with no
significant effect of plant community composition (LMM:
t = 1.58; p = 0.126).
For Cardamine pratensis, 44 ± 3% (mean ± SD) of plants
exhibited damage by invertebrate herbivores across all sampling time-points. The optimal model describing the probability of herbivory for C. pratensis included the main effects of
temperature, phenology and plant community composition
only (marginal r2 = 0.06; conditional r2 = 0.21). There was a
significant increase in the probability of damage to C. pratensis by herbivores with increasing soil temperature (GLMM:
t = 2.14; p = 0.033; Fig. 3a), more advanced development
stage (GLMM: t = 2.79; p = 0.005; Fig. 3b), and as the vegetation community became increasingly dominated by litter
(GLMM: t = 3.01; p = 0.003; Fig. 3c).
For Cerastium fontanum, 33 ± 3% (mean ± SD) of plants
exhibited damage by invertebrate herbivores across all sampling time-points. The optimal model describing the probability of herbivory for C. fontanum included the main
effects of temperature, phenology (first- and second-order
polynomial terms) and plant community composition only
(marginal r2 = 0.09; conditional r2 = 0.17). There was a significant reduction in the probability of damage to C. fontanum

Figure 2. Relationship between temperature and the proportion of
plants in the community-level quadrats exhibiting damage by invertebrate herbivores (y = 0.0077x + 0.1014; marginal r2 = 0.21; conditional r2 = 0.21).
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by herbivores with increasing soil temperature (GLMM:
t = −3.48; p < 0.001; Fig. 3d). There was an increase in the
probability of damage to C. fontanum by herbivores up to
development stage 7 (GLMM first-order polynomial term:
t = 3.00; p = 0.003), with a reduction in later stages (GLMM
second-order polynomial term: t = −2.61; p = 0.009; Fig. 3e).
There was also an increase in the probability of damage to
C. fontanum by herbivores as the vegetation community
became increasingly dominated by litter (GLMM: t = 2.56;
p = 0.011; Fig. 3f ).
For Viola palustris, 52 ± 10% (mean ± SD) of plants
exhibited damage by invertebrate herbivores across all sampling time-points. The optimal model describing the probability of herbivory for V. palustris included the main effects
of temperature, phenology and plant community composition, and the interactive effect of temperature × phenology
(marginal r2 = 0.06; conditional r2 = 0.12). There was a significant increase in the probability of damage to V. palustris by
herbivores with increasing soil temperature overall (GLMM:
t = 4.22; p < 0.001; Fig. 3g) and more advanced development
stage (GLMM: t = 2.62; p = 0.009; Fig. 3h), with a marginally non-significant increase as the vegetation community
became increasingly dominated by litter (GLMM: t = 1.78;
p = 0.075; Fig. 3i). The significant interactive effect of temperature and phenology (GLMM: t = −2.20; p = 0.028) was
driven by an increase in the probability of damage to V. palustris by herbivores with increasing soil temperature in the early
stages of development, but a decline in the probability of
damage in the later stages of development (Fig. 4).

Discussion
We considered the impact of soil temperature on plant communities and plant–invertebrate interactions. We found
that soil temperature altered plant community composition, increasing the dominance of forbs and graminoids, and
reducing the amount of litter. We found general support
for stronger plant–invertebrate interactions at the community level in warmer environments, but with variable effects
depending on individual plant species. Invertebrate herbivory
increased with soil temperature for Cardamine pratensis and
Viola palustris, but decreased with temperature for Cerastium
fontanum. All three species were also more susceptible to herbivory as they developed (though C. fontanum was less susceptible in the later stages of development) and when there
was a higher proportion of litter in the surrounding environment. Plant phenology played a crucial role in determining
the thermal sensitivity of herbivory in V. palustris, with contrasting responses at early and late stages of development. This
illustrates the importance of considering the entire life-cycle
of organisms in climate change research, given their variable
susceptibility to herbivory at different ontogenetic stages.
There was partial support for our first hypothesis, with an
increase in the percentage cover of graminoids with increasing soil temperature. Grasses, which dominate the graminoids in our study system, have also been shown to increase

Figure 3. The main effects of temperature, phenology and vegetation community composition on the probability of damage to Cardamine
pratensis (a–c), Cerastium fontanum (d–f ) and Viola palustris (g–i) by invertebrate herbivores. Phenology is shown as increasing stages of
development from small vegetative (stage 1) to the wilting of flowers (stage 10). Vegetation community composition is shown as the first
DCA axis of the species-level quadrats, with negative or smaller values indicating communities dominated by bryophytes, lichens and forbs
and larger positive values indicating communities dominated by litter (Supporting information). Trendlines are visualised at the median
values for other explanatory variables in the model.

with experimental warming in the Arctic region (Brooker and
van der Wal 2003, Walker et al. 2006). There was no effect
of soil temperature on the percentage cover of bryophytes or
lichens, however, which is in contrast to Walker et al. (2006)
who found a reduction in the cover of both groups following
warming at high latitudes. The increase in percentage cover of
forbs with increasing temperature may be driven by increased
growth rates, with forbs exhibiting the strongest increases in
vegetation growth in warmed tundra communities (Arft et al.

1999, Walker et al. 2006, Winkler et al. 2016). Given that
bryophytes were the dominant vegetation class throughout
the study site (Fig. 2), an increase in the percentage cover
of forbs in warmer areas should increase habitat availability
and food quality for invertebrate herbivores (Lawton 1983,
Southwood et al. 1986). This could be an important factor
in attracting insect herbivores to warmer habitats, as a potential indirect effect of temperature on stronger plant–invertebrate interactions (Moise and Henry 2010). The reduction
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Figure 4. The interactive effect of temperature and phenology on the probability of damage to V. palustris by invertebrate herbivores.
Temperature effects are visualised at the (a) first, (b) middle and (c) last stage of development observed during the current study. See the
Supporting information for temperature effects at all development stages.

in litter with increasing soil temperatures was likely due to
faster decomposition rates at higher temperatures, as previously shown in tundra ecosystems (Hobbie 1996). Lower
quantities of litter are associated with higher germination
rates (Xiong and Nilsson 1999), but may increase the risk
of invertebrate herbivory for individual plants (Fig. 3c, f, i).
Invertebrate herbivory increased with increasing temperature at the plant community level, in support of our second
hypothesis. Strengthening of consumer–resource interactions
with increasing temperature has been widely observed in
functional response experiments (Rall et al. 2012), due to the
higher metabolic demands of life in warmer environments
(Brown et al. 2004). Stronger plant–herbivore interactions
at higher temperatures may also be driven by changes in the
invertebrate community, but we found no evidence for altered
abundance or species richness of invertebrate herbivores across
the temperature gradient here (Supporting information).
This suggests that changes in the energy requirements and
feeding rates of invertebrates should be the major factor driving these results, although changes in the species identity and
relative abundance of insect herbivores across the soil temperature gradient could also be a factor. Stronger plant-herbivore
interactions can reverse the positive effects of temperature
on plant growth (O’Connor 2009), disrupt temperature
effects on plant community composition (Post and Pedersen
2008), and shape plant productivity responses to warming
(Post et al. 2009). Vegetation community composition may
also form a feedback loop by influencing invertebrate feeding
preferences (Loranger et al. 2013), whereby desirable plant
species attract herbivores and less attractive vegetation masks
the detection of desirable plants (Hambäck et al. 2000, Finch
and Collier 2012). Nevertheless, we found no independent
effects of the surrounding vegetation community composition on invertebrate herbivory at the community-level here,
suggesting mainly indirect effects on invertebrate herbivory
mediated by temperature.
There were contrasting effects of temperature on the
probability of herbivory for each plant species, with inconsistent effects of warming on invertebrate herbivory at the
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species-level also shown across previous research at high latitudes (Leckey et al. 2014, Birkemoe et al. 2016, Barrio et al.
2017). This may be driven by individual plant traits, with
life history, morphology and physical defence known to be
correlated with resistance to herbivory (Wardle et al. 1998,
Carmona et al. 2011). For example, C. fontanum has densely
hairy leaves, which may limit its appeal to invertebrate herbivores (Fordyce and Agrawal 2001, Hanley et al. 2007) and
contribute to the lower risk of herbivory that was observed at
higher temperatures compared to the other smooth-leaved species. In contrast, the susceptibility of C. pratensis to invertebrate
herbivores has been demonstrated experimentally, with lower
percentage cover in their presence compared to their absence,
whereas C. fontanum actually increased in percentage cover in
the presence of invertebrate herbivores (Stein et al. 2010).
Probability of damage increased with advancing development over the flowering period for both C. pratensis and
V. palustris, suggesting that the plants became more susceptible to herbivory as they developed. This contrasts with
other research showing greater invertebrate herbivore damage on young plants due to their weaker defences (Boege
and Marquis 2005). Our finding could reflect a change in
the visibility of the plants to herbivores as they grow or a
higher abundance of invertebrates at the study site as the
season develops. Greater invertebrate damage has been demonstrated at later stages of development in other Cardamine
species, accompanied by negative effects on vegetative propagation (Collinge and Louda 1988), which highlights the
potential consequences of increased invertebrate herbivory
for plant fitness. The reduction in herbivore damage at later
development stages for C. fontanum (Fig. 3e) could suggest
greater rates of plant tissue regeneration or lower invertebrate
attack rates later in the season or as flowers begin to wilt. The
nutritional quality of C. fontanum decreases with maturity
(Kramberger and Klemenčič 2003), which lends some support for a lower preference of invertebrates for this species
over time.
In support of our third hypothesis, plant development stage
influenced temperature effects on herbivory for V. palustris.

Here, plants were more vulnerable to invertebrate herbivores
in warmer soils at earlier development stages, whereas they
were more vulnerable in cooler soils at later stages. Warming
has been shown to reduce the nutritional quality of leaves,
by decreasing the amount of leaf biomass relative to stems
(Veteli et al. 2002). Leaves from warmer regions also tend
to be tougher, with less nitrogen content, and more tannins
and alkaloids (Coley 1998). A similar response in V. palustris
may make the plant less appealing to herbivores at higher
temperatures as it grows. Interactive effects of temperature
and herbivory have been shown on plant phenology, with
herbivores altering impacts of warming on plant height and
seed production (Lemoine et al. 2017). We believe our study
is the first demonstration of a feedback response, such that
plant phenology also alters the effect of temperature on herbivory. This illustrates the complex and reciprocal nature of
plant–herbivore interactions and the potential for phenological mismatches in a warmer climate to alter the dynamics
of both plant and invertebrate communities (de Sassi et al.
2012). Note that our study most likely quantified accumulated damage by herbivores across development stages and
so future research should test for different rates of herbivory
at each stage for a deeper understanding of how phenology
might alter temperature effects on herbivory.
We have shown that increasing temperature has different
effects on plant–invertebrate interactions at high latitudes
depending on the plant species, but the overall response at
the community level was greater invertebrate herbivory in
warmer environments. In tropical ecosystems, where invertebrate herbivores play an even stronger role in structuring plant
communities, and are much closer to their thermal limits,
temperature-induced changes in plant–invertebrate interactions could have more severe community-level consequences
(Coley and Barone 1996, Deutsch et al. 2008). Furthermore,
future warming will be accompanied by changes in other
climatic variables, such as precipitation, CO2 levels and
the frequency of extreme events, eliciting physiological and
behavioural responses in plants and invertebrates that may
modulate the overall response to warming (Bale et al. 2002).
As research into the impacts of climate change broadens, it
is important to consider that responses can vary at different
life-cycle stages of the individual organisms involved. Future
research should also aim to disentangle the complex feedbacks between temperature effects on plant communities and
invertebrate herbivores by quantifying changes in the structure of ecological networks.
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