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Abstract

Herbivore—plant interactions are fundamental processes shaping ecosystems, yet their study is challenged by their complex
connections within broader ecosystem processes, requiring a nuanced understanding of ecosystem dynamics. This study
investigated the relationship between nutrient availability and insect herbivory in the Australian Wet Tropics. Our objec-
tives were threefold. Firstly, to understand what factors influence nutrient availability for plants and herbivores across the
landscape; secondly, to investigate how trees of different species respond to nutrient availability; and thirdly, to unravel
how the relationships between resources and plant chemistry affect herbivory. We established a network of 25 study sites
covering important abiotic gradients, including temperature, precipitation, and geology. Employing a hierarchical modelling
approach, we assessed the influence of climate and geology on resource availability for plants, primarily in the form of soil
nutrients. Then, we explored the influence of the above factors on the interaction between herbivory and foliage chemistry
across three widespread rainforest tree species, comparing how these relationships emerged across genera. Our findings sug-
gest an overarching influence of climate and geology over soil chemistry, foliar nitrogen, and insect herbivory, both directly
and indirectly. However, individual constituents of soil fertility showed equivocal influences on spatial patterns of foliage
chemistry once site geological origin was accounted for, suggesting a questionable relationship between individual soil
nutrients and foliar composition. We have demonstrated that herbivore—plant interactions are complex dynamics regulated
by an intricate web of relationships spanning different biogeochemical processes. While our results provide some support to
the notion that herbivory is affected by resource availability, different species growing under the same conditions can show
differing responses to the same resources, highlighting the importance of identifying specific limiting factors rather than
simpler proxies of resource availability.

Keywords Herbivore—plant interaction - Biogeochemical dynamics - Tropical montane ecosystem - Bottom-up regulation -
Resource availability

Introduction

Herbivory is a fundamental ecological process with far-
reaching effects on ecosystem functioning. The intricate
relationship between herbivores and plants cascades through
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that can be captured across environmental gradients, usu-
ally associated with changes in resource availability (Endara
and Coley 2011; Moreira et al. 2018; Rasmann et al. 2014).
The prevailing hypothesis posits that plants growing in
resource-rich environments should be able to tolerate her-
bivory better than plants growing in more challenging con-
ditions (Maschinski and Whitham 1989; Whitham 1991).
This hypothesis stems from the widely accepted notion that
herbivory generally undermines plant fitness (Belsky 1986).
The intuitive appeal of this hypothesis has laid a robust foun-
dation for developing theories aiming to explain evolution-
ary links between herbivory pressure and plant defences
(Coley and Barone 1996; Coley et al. 1985; Endara and
Coley 2011).

While conventional wisdom often suggests a negative
correlation between herbivory and environmental stress, the
accurate representation of these complex ecological relation-
ships along simplified environmental gradients remains a
subject of ongoing debate. For instance, Moles et al. (2011)
challenged the prevailing idea of latitudinal gradients shap-
ing herbivory pressure (Coley and Barone 1996), revealing
that simple abiotic gradients might fail to predict variable
ecological patterns across large scales. Similarly, Wise and
Abrahamson (2005) demonstrated the pitfalls of using sim-
plified resource gradients as predictors of herbivory. Their
work emphasised the significance of a refined model that
explores the multidimensional aspect of resource gradients
for a more mechanistic understanding of the links between
plant fitness and herbivory pressure (Wise and Abrahamson
2007).

In addition to resource availability, other processes can
also influence plant susceptibility to herbivory. These pro-
cesses can act as regulators, influencing factors that directly
affect herbivory pressure, albeit not always exerting a direct
control over herbivores themselves (Lynn and Fridley 2019).
For example, temperature could play an important role in
herbivore—plant relationships by positively impacting insect
herbivore metabolism, population abundance and diversity
(Moreira et al. 2018; Newell et al. 2023). However, tem-
perature could also affect plant susceptibility to herbivory
via influences on plant defences through the regulation of
edaphic chemical processes (Lynn and Fridley 2019). Over-
all, the comprehensive understanding of herbivore—plant
interactions in natural environments might be hindered by
the complex interplay of co-varying environmental factors
across resource availability gradients, potentially leading to
confounding effects.

Montane ecosystems are valuable natural environments
for studying herbivore—plant interactions. These systems
solve part of the challenge of studying variable ecologi-
cal patterns across environmental gradients, as they offer
strong abiotic gradients across a relatively small spatial
scale, reducing the susceptibility to potential confounding
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effects from broad-scale factors (Galman et al. 2018;
Moreira et al. 2018; Pellissier et al. 2012). For instance,
environmental variation across elevational gradients
occurs independently of variation in day length or inter-
annual variation in climate, providing a useful setting
to investigate the variability in ecological relationships
across space (Galman et al. 2018).

In this study, we aimed to examine the interplay of envi-
ronmental gradients in regulating insect herbivory pres-
sure in the Australian Wet Tropics across three widespread
rainforest canopy tree species. Specifically, we set out to
(1) describe the abiotic drivers shaping resource availabil-
ity for plants expressed through climate and soil nutrients;
(2) understand plant responses to abiotic gradients in terms
of variability in foliage chemistry; (3) investigate poten-
tial correlations between insect herbivory damage, foliage
nutritional chemistry and abiotic factors; (4) compare tree
species to discern contrasting responses to abiotic gradi-
ents owing to differences in potential limiting resources;
and (5) unravel the indirect influence of abiotic factors on
the different processes under investigation.

We predict an overarching effect of geology and climate
on soil nutrients across the landscape given the strong ele-
vational and geological gradient that defines montane eco-
systems (Weil and Brady 2017; Singh Ramesh et al. 2023;
Galman et al. 2018; Moreira et al. 2018). In addition to the
direct effect of abiotic factors over resource gradients, we
anticipate climate and geology to propagate their influence
across the ecosystem, indirectly impacting herbivore—plant
interaction through their potential influence on soil nutri-
ent availability and foliage nutritional chemistry (Lynn and
Fridley 2019). If there is a direct relationship between soil
and plant chemistry, then variability in plant chemistry
should reflect the distribution of soil nutrients across the
landscape. However, pioneer and late successional species
will likely respond differently to these resource gradients,
potentially reflecting their sensitivity to different limiting
factors (Wise and Abrahamson 2007, 2005). Furthermore,
we predict herbivory pressure to intensify with increasing
resource availability due to the expected greater poten-
tial compensation for herbivory and lower investment in
defences in resource-rich environments (Whitham 1991;
Coley et al. 1985; Endara and Coley 2011).

To address these aims, we first identified the main
factors that could influence the variability in insect her-
bivory pressure in our study system: climate, geology,
soil nutrients, and foliage nutritional chemistry. Then,
we explicitly connected these components in a hierarchi-
cal model to study three main processes: (1) the climatic
and geological influence on soil nutrients, (2) plant—soil
relationships, and (3) interaction between amount of her-
bivory and plant nutritional chemistry. Following this inte-
grated approach, we assessed the influence of the different
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resource gradients and climate on herbivory, both directly
and indirectly.

Materials and methods
Study system

The Australian Wet Tropics ecosystem, situated along the
northeast coast of Queensland (Fig. 1), comprises an area of
approximately 7000 km?. The bioregion is characterised by a
rugged landscape covered primarily by mixed tropical rain-
forests. Notophyll rainforest is the most extensive vegetation
type, followed by mesophyll rainforest, predominantly below
400 m in elevation, and microphyll rainforest on the upper
slopes and higher peaks.

The mountain ranges that shape the bioregion cre-
ate a significant elevational gradient crucial in shaping
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Fig. 1 The Australian Wet Tropics bioregion and its location in Aus-
tralia. The grey colour palette represents the elevational gradient of
the region. Points depict the location of the 25 study sites

biodiversity patterns and ecological processes (Williams
et al. 1995; Singh Ramesh et al. 2023). Elevation ranges
from sea level to highlands at 1000 m, with isolated peaks
reaching approximately 1620 m. Consequently, the mountain
ranges in the Australian Wet Tropics define a pronounced
thermal gradient spanning between 14 and 26 °C in mean
annual temperature. The topographic features of the region
also impose a longitudinal precipitation gradient, with
higher rainfall near the coast (around 4000 mm annually)
and decreasing towards the western extent of the tropical
rainforest distribution (approximately 1200 mm annually).
This abrupt change in rainfall occurs within 70 km of the
coastline, emphasising the great variability in abiotic con-
ditions on a relatively small spatial scale. Additionally, soil
chemistry in the Wet Tropics varies markedly due to the
diverse geological origins of the region. The soils primarily
derive from granites, igneous rocks such as rhyolites and
basalts, and metamorphic sedimentary rocks. As a result, the
bioregion presents a pronounced edaphic gradient, ranging
from deep and nutrient-rich basalt-derived soils to shallow
and nutrient-poor lithosols (Isbell 2016).

To capture the range of climatic and edaphic gradients of
the Australian Wet Tropics, a network of 25 study sites, each
approximately 1 ha, was established in notophyll rainforests,
the predominant vegetation formation in the region. These
study sites cover 94% of the climatic variability in the Aus-
tralian Wet Tropics (Williams et al. 2010) and span an eleva-
tion range between 400 and 1300 m. Moreover, the study site
network covered the predominant soil parent material found
across the mountain ranges of the Australian Wet Tropics,
namely basalt, rhyolite, and granite. This study design allows
for a robust examination of ecological interactions across
the diverse environmental conditions present in the region.
Further information about site location, geology, and climate
is provided in Supplementary materials.

Study species

To investigate patterns in insect herbivore-plant interactions
across the abiotic gradients defined above, we selected a set
of canopy tree species based on their high abundance and
wide distribution (see Table 1). These selection criteria were
not intended to represent the region’s rich tree biodiversity
but to encompass the desirable biogeographical characteris-
tics that allowed us to investigate the variability of ecologi-
cal interactions across the landscape. Our species selection
included both fast-growing generalist and slow-growing
montane rainforest tree species from different families to
account for potential differences in resource allocation asso-
ciated with different growth strategies (Coley et al. 1985;
Fine et al. 2004). However, late successional species tend to
have a more constrained geographical range than the more
generalist pioneer species, resulting in an uneven sampling
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Table 1 Overview of the elevational range, habitat preference, growth strategy, sample size, and site coverage for the selected canopy tree spe-

cies

Species name Family Elevational =~ Habitat Sample size Site coverage
range (m
a.s.l.)
Alphitonia petriei Rhamnaceae 0-1300 Generalist; Rainforest regrowth; Pioneer species 115 100%
Flindersia brayleyana Rutaceae 0-1150 Well-developed montane rainforest; Late successional 22 48%
species
Flindersia pimenteliana Rutaceae 0-1300 Well-developed montane rainforest; Late successional 42 60%
species
Flindersia species combined Rutaceae 0-1300 Well-developed montane rainforest; Late successional 64 84%
species

coverage across the abiotic gradients under investigation
(Table 1). To cope with the differing distributional patterns
when comparing the emergent relationships between growth
strategies, we included two closely related species from the
genus Flindersia to expand the sampling coverage along
the abiotic gradients for late successional species (Table 1).
Despite its limitations, this approach enabled inferring the
effect of biogeochemical processes on foliage nutritional
chemistry and herbivory within and between species with
different growth strategies.

Climate data

The climatic data (temperature and precipitation) was
obtained from the “accuCLIM” climate layers developed for
the Australian Wet Tropics (Storlie et al. 2013). These cli-
mate layers downscale gridded spatial climate data at 250 m
resolution from empirical weather data collected between
2006 and 2009 at 54 rainforest sites, offering a fine-grained
spatial representation of the bioregion’s climate. Our model
incorporated climate variables as linear and quadratic terms,
accommodating potential non-linear relationships that may
emerge across the elevational gradient (Moreira et al. 2018).

Given the strong climatic gradient imposed by the orog-
raphy of the bioregion, we expected climate to play a central
role in the regulation of biogeochemical cycles (Weil and
Brady 2017; Austin and Sala 2002; Ren et al. 2015; Wright
et al. 2003; Wright and Westoby 2002). Additionally, we
anticipated that climate would directly affect herbivory pres-
sure through its influence on insect herbivore populations
and diversity (Galman et al. 2018; Newell et al. 2023).

Soil chemistry data

The characterisation of soil chemistry was carried out at the
site level. Our sampling design aimed to capture the het-
erogeneity in soil composition, deriving the average con-
ditions to which trees were exposed at each location. We
randomly selected six, 150 m transects at each site with a
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minimum separation of 200 m between them. Along these
transects, we collected soil cores every 50 m using a 65 mm
Jarret-style auger. To account for the vertical variation in soil
chemistry, we collected soil cores at three different depths at
each sampling point (0-10 cm, 20-30 cm, and 50-60 cm).
For each site and depth, samples were homogenised in the
field, resulting in a total of three samples per study location.
Samples were sent to the Chemistry Centre (Department of
Environment and Science, Queensland Government, Bris-
bane, Australia) for chemical analysis promptly after col-
lection (< 5 days).

Soil components analysed included total nitrogen and
phosphorus (Kjeldahl digestion), exchangeable cations
(Ca, Mg, Na, K), and organic carbon (Dumas combustion).
To establish a comparable measure of soil elements across
sites, we computed the mean value of each element across
the vertical gradient, partly accounting for the potential
effect of soil depth on nutrient acquisition (Goransson et al.
2006). In alignment with the study’s overarching goal of
understanding the interconnections within the system, our
investigation focussed on specific soil elements of significant
relevance in biogeochemical cycles that could, directly and
indirectly, affect herbivory pressure. These include nitrogen
and phosphorus (Peng et al. 2021; Read et al. 2008; West-
erband et al. 2023; Wright et al. 2005), potassium (Santiago
et al. 2012), sodium (Lynn et al. 2023; Kaspari 2020), and
the ratio between carbon and nitrogen (Singh Ramesh et al.
2023; Weil and Brady 2017).

Foliage nutritional chemistry data

Measures of foliage nutritional quality for herbivores often
consider the influence of nitrogen (N) as an important limiting
factor due to its relatively low concentration in plant tissues
(White 2012). However, the total nitrogen content in leaves
may not accurately reflect the availability of this limiting fac-
tor for all herbivores. Although this study focused on insect
herbivory, we also included a measure of foliar nitrogen that
incorporates the influence of tannins on nitrogen digestibility
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(Wallis et al. 2012). Insects are unlikely to be affected by tan-
nin binding due to the dissociation of tannins from proteins in
the alkaline environment of insect guts (Salminen and Karonen
2011); however, the inclusion of nitrogen digestibility remains
valuable in this study as it could reflect levels of tree invest-
ment in defences in the form of protein-binding tannins along
abiotic and resource availability gradients.

Prior to chemical analyses, foliage samples were freeze-
dried and ground to pass through a 1 mm particle-size sieve.
Ground samples were scanned on a Foss XDS near-infrared
reflectance spectrometer. Chemical assays were performed
on a representative subset of samples, comprising 33% of our
sample size, which was selected based on its near-infrared
absorption spectrum and identified using Mahalanobis dis-
tance. Calibration equations were developed to predict values
of foliar chemistry based on the spectra and reference values
obtained from the chemical assays, following the approach
outlined by Ebbers et al. (2002). This method allowed for a
rapid, cost-effective, and non-destructive assessment of foliage
nutritional chemistry by establishing a relationship between
spectral information and nitrogen content (Youngentob et al.
2012). The calibration equations derived from this process led
to a robust prediction of total nitrogen (R2=0.98, standard
error of cross-validation [SECV]=0.06), nitrogen digestibil-
ity (R?=0.96, SECV =0.1259), and dry matter digestibility
(R*=0.91, SECV =3.68). Further details about the spectral
transformations and the development of the calibration equa-
tions can be found in Youngentob et al. (2012).

To measure nitrogen digestibility, we followed the method
outlined by DeGabriel et al. (2008). Briefly, this method con-
sists of an in vitro digestion where paired samples are incu-
bated in a series of buffers and enzymes. Total nitrogen and
non-digestible nitrogen were measured in a Truspec Carbon/
Nitrogen Analyser (LECO Corp, St. Joseph, MI, USA), using
the pre- and post-digestion samples, respectively. The index of
nitrogen digestibility used in this study was then calculated as
a function of the change in nitrogen and dry matter, determined
by comparing samples’ weight and nitrogen concentration
before and after digestion, with a high index indicating a high
percentage of available nitrogen relative to the total nitrogen
content in the foliar tissue. Further details on the calculation
of available nitrogen and lab protocol have been extensively
covered in DeGabriel et al. (2008) and Wallis et al. (2012).

(Ny * DM,) — (N, * DM;)

N digestibility =
(No * DM,)

(DMO) - (DMI)

Dry matter digestibility = (DM,)
0

where DM stands for dry matter and the subscript indices
represent pre-digestion (X)) and post-digestion (X).

Insect herbivory data

Insect herbivory pressure was quantified as the propor-
tional damage or tissue loss from attached leaves. Leaves
were collected from 120 canopy trees (sample height:
24.71 +6.28 m) during the dry seasons (April-November)
of 2021 and 2022, following the methods outlined by Youn-
gentob et al. (2016). The study’s scale required tree sampling
to span two seasons, as sampling all sites in a single season
was not feasible. While foliar chemical properties can vary
over time, the traits measured here have been reported to
be relatively stable across similar seasons (Steinbauer et al.
2015). Thus, to minimise potential variability in these traits,
we sampled during the same season in both years. Addition-
ally, because each tree was sampled only once, temporal
variability across individuals was not accounted for in the
model.

Based on preliminary analyses using a reference sam-
ple (data not shown), we determined that the sampling of
20 leaves per individual tree provided an adequate sample
size to measure herbivory, ensuring a complete range of
apparent foliage damage across species (i.e., damage values
reached a stable normal distribution within samples). To
achieve the desired sample size for each tree, we randomly
collected approximately 40 mature leaves from retrieved
canopy branches. Half the leaves were haphazardly selected
for herbivory damage measurement using the “leafbyte”
image processing software (Getman-Pickering et al. 2020).
Herbivory damage was measured only on mature leaves in
this study due to the low availability of young leaves for
slow-growing montane species at the sampling time. The
remaining half of the leaves were snap-frozen in the field
using dry ice at — 80 °C to preserve their chemical composi-
tion for subsequent analyses.

We focussed on quantifying the proportional leaf loss to
herbivory without distinguishing the specific types of dam-
age (i.e., chewing, sucking, or mining). This approach pro-
vided us with a general measure of insect herbivory pressure
at the tree level, allowing for an assessment of the overall
impact of insect herbivores on the study tree species.

Statistical analysis

We employed a statistical model that aimed to reflect the
interconnectivity of the system by integrating climate, geol-
ogy, soil element concentrations, foliage nutritional chemis-
try, and herbivory damage data. Our approach involved the
development of a hierarchical model that mirrored the natu-
ral structure of the study system (Fig. 2). This model enabled
us to disentangle the effects of each environmental gradient
on important emergent processes, such as (1) the influence
of climate and geology on soil chemistry, (2) plant—soil rela-
tionships, and (3) herbivore—plant interactions. Furthermore,
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the hierarchical structure of the model allowed us to examine
the influence of climatic and edaphic gradients throughout
the ecosystem, revealing the potential impact of these abi-
otic factors on herbivory pressure, both directly and through
the control of intermediate processes. We accounted for the
inherent variation in foliar chemistry and herbivory damage
across plant species by implementing species-specific inter-
cepts (Volf et al. 2022; Forrister et al. 2023). Additionally,
by segregating slopes based on genus, we were able to com-
pare the effect of different abiotic gradients on the processes
under investigation (see “Study species’). This combination
resulted in foliage and herbivory models with a structure
defined by three intercepts and two slopes per predictor
(Fig. 2). A summary of the data structure and sample size
for each sub-model is provided in Supplementary materials.

We implemented our model in a Bayesian framework.
Markov Chain Monte Carlo methods were used to sample
the joint posterior distribution (Thompson and Brooks 2003)
using JAGS (Plummer 2003), implemented with the jagsUI
R package (Kellner 2021; R Core Team 2021). We reflected
the absence of prior information about model parameters
by implementing vague priors (see JAGS code in Supple-
mentary materials for details). Additionally, we accounted
for extra unexplained heterogeneity across sites by includ-
ing a random site effect. Foliage and soil components were
normally distributed, while herbivory pressure (percentage
of leaf eaten) followed a beta distribution. We ran three par-
allel chains of 400,000 interactions, used half as burn-in,
and thinned the rest by one in 100 to obtain 6000 samples

of the joint posterior distribution. The sampling process led
to robust parameters convergence (f? —1<0.1, (Gelman
and Hill 2006)). We further inspected trace plots to validate
good mixing and investigated the posterior predictive check
by plotting the residual sums of squares for observed and
simulated data. Good fitting models are expected to have
values falling on a 1:1 line, suggesting a similar error struc-
ture between the observed data and the data simulated by
the model (Figure S2). We paired the posterior predictive
checks with the estimation of Bayesian p-values, with values
close to 0.5 (Figure S2) indicating adequate model fit (Gel-
man et al. 1996). Model structure and variable selection are
explained in more detail in the Supplementary materials.

Results
Spatial variability in soil nutrients

Soil nutrient availability was explained by the interplay
among elevation, longitude, and geology, the predominant
environmental gradients shaping the bioregion (Fig. 3; see
“Study site”). Geology, defined by the parent materials,
influenced soil element concentrations, suggesting higher
nutrient concentration in sites of basaltic origin than in those
derived from granite or rhyolite rocks (Figs. 3, 4A). Soil
N and P increased with higher precipitation, while soil K
and C:N decreased along the same gradient (Figs. 3, 4A).

Fig.2 Overview of the hierar-
chical model developed to study
herbivory pressure across envi-
ronmental gradients. Colours
represent the main gradients in
the system. P phosphorus, N
nitrogen, C:N carbon—nitrogen
ratio, K potassium, Na sodium,
MAT mean annual temperature,
MAP mean annual precipitation
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Temperature showed a positive relationship with soil K but a
negative association with soil Na and soil C:N (Figs. 3, 4A).

Foliage nutritional chemistry across resource
gradients

We found diverging patterns in the variability of foliar chem-
istry across species. Specifically, Alphitonia showed lower N
digestibility than Flindersia, with Flindersia pimentaliana
exhibiting the greatest level of N digestibility across the spe-
cies examined (Table S2). Conversely, total N was present in
higher concentration in Alphitonia than in Flindersia, with
Flindersia brayleyana showing the lowest level of total N
across the study species (Table S2).

The concentration of total N across trees was significantly
influenced by geology, with individuals growing in basaltic
soils showing greater levels of total N than trees growing
in granite and rhyolite soils. This pattern remained consist-
ent across Alphitonia and Flindersia species (Figs. 3, 4B).
N digestibility was negatively correlated with soil P for
Flindersia and basaltic soils for Alphitonia (Figs. 3, 4C).
A diverging pattern of N digestibility between Alphitonia
and Flindersia was related to their response to soil Na, with
Flindersia suggesting a positive association, while Alphito-
nia showed a marginal response (Fig. 4C). Flindersia foliar
chemistry also exhibited significant sensitivity to climate,
suggesting an increase in total N and N digestibility with
increasing temperatures and a decrease in total N with higher
rainfall (Figs. 3, 4B, C).

Fig.3 Pathways of emergent
connections in the Australian
Wet Tropics. This plot repre-

Overarching gradients

15°C

Soil elements concentration

Patterns in herbivory damage

Herbivory pressure, measured as the proportional tissue
loss from attached leaves, was low across the trees sam-
pled, with average damage close to 4% (although individual
leaf values ranged from 0.002 to 54.79%). The variability
in herbivory showed no clear distinction between Alphito-
nia petriei (average =2.5-3.3%) and Flindersia pimental-
iena (average =1.9-2.7%; Table S2). In contrast, Flindersia
brayleyana showed generally higher levels of herbivory
(average =4.3-9.4%; Table S2) than Alphitonia petriei and
Flindersia pimentaliena.

The variability in herbivory pressure across the landscape
was influenced to some degree by all abiotic gradients but
not consistently across species (Fig. 3). Alphitonia showed
higher levels of herbivory in sites on basalt, higher tem-
perature, and across trees with higher total foliar N (Fig. 3).
In a similar way, there was a negative relationship between
herbivory and soil C:N and a positive relationship between
herbivory and temperature for Flindersia species (Figs. 3,
4D). However, we note that the effect of temperature on her-
bivory for Flindersia showed greater uncertainty (Fig. 4D;
Figure S3).

Indirect effects
In addition to the direct effects described in the sections
above, our result showed a variety of potential intermediate

processes that emerged from the hierarchical structure of the
system. Precipitation indirectly influenced N digestibility
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Fig.4 Summary plot showing

A) Soil elements concentration

B) Foliage chemistry: Total N

the effects of different drivers
on soil element concentration
(A), total foliar N (B), N digest-
ibility (C), and insect herbivory
pressure (D). Values represent
the posterior mean and 89%
credible interval (McElreath
2020). Colours represent dif-
ferent soil elements in panel
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and herbivory pressure for Flindersia through its influence
on soil P and soil C:N, respectively (Fig. 3). Temperature, in
addition to the direct relationship to foliar chemistry and her-
bivory pressure (Fig. 4), also impacted indirectly N digest-
ibility and herbivory damage for Flindersia by influencing
soil Na and soil C:N, respectively. Lastly, geology was posi-
tively associated to herbivory damage for Alphitonia both
directly and through its correlation to total foliar N (Fig. 3).

Discussion

In this study, we have delved into the relationship between
herbivory and resource availability across three widespread
rainforest tree species in a tropical montane ecosystem, the
Australian Wet Tropics. Our study has placed a particu-
lar emphasis on investigating herbivore-plant interactions
within the broader context of biogeochemical dynamics.
This approach has allowed us to investigate (1) what fac-
tors affect resource availability across multiple abiotic gra-
dients, (2) how plant chemistry responds to the variation
in resources, and (3) how the interplay between resource
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gradients and foliage nutritional chemistry correlates to pat-
terns in insect herbivory across the landscape. Overall, our
findings contribute to a deeper understanding of the intricate
relationships between environmental factors, plant chemis-
try, and herbivory dynamics in tropical montane ecosystems.

Patterns in resource availability across abiotic
gradients

The climatic and geological gradients that occur across the
Australian Wet Tropics showed a strong relationship to all
the factors we examined. Specifically, our results suggested
an interplay between climate and geology in shaping biogeo-
chemical dynamics in montane ecosystems (Singh Ramesh
et al. 2023; Weil and Brady 2017). Along the elevational
gradient, some measured soil chemical constituents were
significantly influenced by temperature. We found evidence
of a negative plant-soil relationship at higher elevations, pos-
sibly related to the temperature-induced slowdown in soil
microbial activity and nitrogen mineralisation (Weil and
Brady 2017; Salinas et al. 2011). Across the longitudinal
gradient, soil nutrient availability was primarily influenced
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by changes in rainfall. Notably, key soil nutrients, such as N
and P, increased with higher precipitation, emphasising the
role of rainfall in influencing nutrient availability (Austin
and Sala 2002; Ren et al. 2015). However, rainfall could also
negatively influence the concentration of some soil elements
through leaching, suggested in this study by the relationship
between precipitation and soil K. Independently of climatic
conditions, geology showed a strong relationship to soil
nutrient levels, stressing the important role of parent mate-
rials in determining the supply of rock-derived soil elements
(Anderson 1988), although it was notable that soil chemical
constituents did not consistently influence foliar chemistry,
as is often assumed.

Effects of resource availability on foliage nutritional
chemistry

Foliar nutritional chemistry did not consistently correspond
with broader biogeochemical processes. Despite our find-
ings suggesting that geology was strongly correlated to soil
nutrients, the positive relationship between basaltic soils
and foliar nutritional chemistry could not be explained by
individual constituents of soil fertility. This discrepancy
might reflect the importance of understanding soil fertil-
ity as a multidimensional factor shaped by the interaction
between soil nutrients and other physical or chemical prop-
erties that are associated with the underlying site geology.
While understanding soil fertility as a multidimensional
factor offers an intuitive explanation for the observed pat-
terns (Millard 1993; Norris et al. 2013), it is important to
acknowledge the potential influence of external variables
that co-vary with geology, potentially impacting spatial vari-
ation in foliage nutritional chemistry.

In addition to the influence of geology on foliage nutri-
tional chemistry, we found a significant climatic influence
(MAP and MAT) on foliar N for Flindersia but not for Alphi-
tonia, which could reflect differences in geographical restric-
tions between these genera. While the generalist Alphitonia
is widespread and well adapted to a diverse range of climatic
conditions (Hyland et al. 2010), the more geographically
constrained Flindersia could suffer greater fitness limitation
along climatic gradients, thereby showing reduced foliar N
in less favourable environments (Singh Ramesh et al. 2023;
Singh Ramesh 2023). Moreover, our results suggested an
intriguing pattern related to the relationship between N
digestibility and resource gradients, where N digestibility
decreased with increased soil P for Flindersia and basaltic
soils for Alphitonia (Fig. 3). This pattern did not align with
our initial expectations. We propose two potential explana-
tions for this negative relationship between N digestibility
and nutrient availability.

The negative relationship between N digestibility and
nutrient availability observed in this study could be related

to resource-driven plant investment in defences. In resource-
rich environments, plants might allocate more resources
towards defences against herbivory, such as carbon-based
compounds like tannins, compared to plants growing in
more resource-limited conditions (Hahn and Maron 2016;
Moreira et al. 2018; Lépez-Goldar et al. 2020). This process
would result in a decrease in N digestibility but not in total
N in high-resource environments, aligning with the patterns
we observed in this study. An alternative explanation could
be related to the presence of alkaloids in the tree species
included in this study (Robertson et al. 2018; Al Omar et al.
2022), which could suggest that our measure of foliar N
would capture not only protein content but also alkaloid
concentration. These potential relationships warrant further
investigation.

The drivers of herbivory damage

The low value in herbivory damage found in this study mark-
edly contrasts with findings in other tropical wet forests, for
which insect herbivory damage has been reported to reach
values of up to 48% (Coley and Barone 1996). These dif-
ferences could be attributed to a number of factors, includ-
ing (1) the discrete nature of the measurement taken in this
study, as opposed to continuous monitoring, preventing
the determination of total leaf loss (Lowman 1985); (2)
the consideration of only mature leaves, which may be less
consumed by insect herbivores than young leaves (Coley
and Barone 1996); (3) the lower herbivory damage on the
canopy stratum of the forest, highlighting the shade/sun dif-
ferences in herbivory pressure (Lowman 1985); and (4) the
potential depression of insect herbivores during the dry sea-
son, when our sampling took place (Wolda 1978; Lowman
1985). While including sampling during the wet season and
covering various leaf ages and forest strata could potentially
yield a higher herbivory rate, our consistent sampling design
provides robust insights into spatial variations in herbivory
damage across multiple abiotic gradients. Additionally, it
offers a comparative framework to assess how these gra-
dients affect species differently, as it is not confounded by
changes in seasonal herbivore activity along the forest stra-
tum or differing seasonal patterns in leaf flushing across
species.

Our results suggest that herbivory damage was signifi-
cantly influenced by the same abiotic factors that affected
nutrient availability for soils and plants, providing some sup-
port for the compensatory continuum hypothesis, where the
degree of herbivore impact changes as a function of resource
availability (Maschinski and Whitham 1989; Whitham
1991). However, we found differing relationships between
herbivory and other measured variables among tree spe-
cies, suggesting potential contrasts in factors that affect her-
bivory (Wise and Abrahamson 2005, 2007). For the pioneer
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species Alphitonia petriei, herbivory damage was primarily
influenced by geology and its relationship to total foliar N
(Fig. 3), with trees growing in soils originated from basaltic
rocks showing greater herbivory damage and higher foliar N
than trees growing in lithosols. For late successional species
of the genus Flindersia, soil nutrient levels impacted her-
bivory pressure via the soil C:N ratio, indicating a decrease
in herbivory in sites with slow N mineralisation (Weil and
Brady 2017). Although these findings demonstrate some
relationship between soil chemistry and the foliar nutritional
landscape (Wardle et al. 2004), it is also notable that this
relationship was not consistent across plant species. Moreo-
ver, many of the soil nutrients commonly associated with
soil fertility, including N and P, showed no direct relation-
ship to total foliar N in any species. Consistently, however,
herbivore—plant interactions were significantly impacted by
climate. Temperature had a strong positive relationship to
herbivory for all species included in the study, potentially
reflecting the positive effect of temperature on insect physi-
ology, density, and richness along the elevational gradient
(Galman et al. 2018; Moreira et al. 2018).

Revealing hidden connections

Our analytical approach indicated that the significant effect
of abiotic factors on foliage nutritional chemistry and her-
bivory pressure was partly explained by the cascading effect
that climate and geology have on other abiotic and biotic
aspects of the system (Lynn and Fridley 2019). A relevant
example from our system relates to the indirect relationship
between precipitation and herbivory damage in Flindersia
species, where the effect of rainfall was only detected via its
influence on soil C:N (Fig. 3).

Conclusion

Here, we have demonstrated that herbivore—plant interac-
tions are complex dynamics regulated by an intricate web of
relationships spanning different biogeochemical processes.
While our results provide some support to the notion that
herbivory is affected by resource availability, different spe-
cies growing under the same conditions can show differing
responses to the same resources, highlighting the importance
of identifying specific limiting factors rather than simpler
proxies of resource availability (Wise and Abrahamson
2005). We also acknowledge the potential for other factors
that could contribute to the spatial difference in herbivory,
such as the composition of neighbourhood individuals (Kim
and Underwood 2015) or plant size/apparency (Chew and
Courtney 1991), which were not considered in this study.
Furthermore, the regulation of herbivore-plant relationships
across the landscape does not rest solely on the direct effect
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of limiting resources but also on the factors that regulate
resource availability. These otherwise hidden links are criti-
cal for the understanding of ecosystem dynamics and should
be considered when studying ecological relationships, offer-
ing a more comprehensive appreciation of the processes that
govern the natural world.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00442-024-05630-y.

Acknowledgements The authors would like to thank James Cook
University, Skyrail Rainforest Foundation, Queensland Department of
Environment and Science, and Wet Tropics Management Authority
for funding support. We also thank the many volunteers who have
contributed to the fieldwork and Paul Nelson for his advice on soil
sampling and soil chemistry interpretation. The authors would also like
to acknowledge the two anonymous reviewers for their thorough and
insightful comments on our manuscript, which enhanced the clarity
and depth of the manuscript.

Author contribution statement AF, SW, AK, and LC conceived the
ideas; AF designed the study, collected and analysed the data, and
led the writing of the manuscript; KY and KM designed and assisted
with the implementation of the chemical assays; KY designed and
implemented the calibration equations to predict foliar chemistry; All
authors contributed critically to the drafts and gave final approval for
publication.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions. Skyrail foundation and Wet Tropics Manage-
ment Authority.

Availability of data and material The data that support the findings of
this study are openly available in Dryad at doi: https://doi.org/10.5061/
dryad.d51c5b08s.

Code availability The JAGS code to recreate the models is included in
Supporting information.

Declarations

Conflict of interest Not applicable.
Ethics approval Not applicable.
Consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.1007/s00442-024-05630-y
https://doi.org/10.5061/dryad.d51c5b08s
https://doi.org/10.5061/dryad.d51c5b08s
http://creativecommons.org/licenses/by/4.0/

Oecologia (2024) 206:293-304

303

References

Al Omar R, Micklewright R, Masud K, Naz T, Vemulpad S, Jamie
J (2022) The genus Alphitonia Reissek ex Endl. (Rhamnaceae):
a review of its customary uses, phytochemistry and biological
activities. J Ethnopharmacol 294:115168

Anderson DW (1988) The effect of parent material and soil develop-
ment on nutrient cycling in temperate ecosystems. Biogeochem-
istry 5:71-97

Austin AT, Sala OE (2002) Carbon and nitrogen dynamics across a
natural precipitation gradient in Patagonia, Argentina. J Veg Sci
13:351-360

Belsky AJ (1986) Does herbivory benefit plants? A review of the evi-
dence. Am Nat 127:870-892

Chew FS, Courtney SP (1991) Plant apparency and evolutionary
escape from insect herbivory. Am Nat 138:729-750

Coley PD, Barone JA (1996) Herbivory and plant defenses in tropical
forests. Annu Rev Ecol Syst 27:305-335

Coley PD, Bryant JP, Chapin FS (1985) Resource availability and
plant antiherbivore defense. Science 230:895-899

DeGabriel JL, Wallis IR, Moore BD, Foley WJ (2008) A simple,
integrative assay to quantify nutritional quality of browses for
herbivores. Oecologia 156:107-116

Ebbers MJH, Wallis IR, Dury S, Floyd R, Foley WJ (2002) Spec-
trometric prediction of secondary metabolites and nitrogen in
fresh Eucalyptus foliage: towards remote sensing of the nutri-
tional quality of foliage for leaf-eating marsupials. Aust J Bot
50:761-768

Endara M-J, Coley PD (2011) The resource availability hypothesis
revisited: a meta-analysis. Funct Ecol 25:389-398

Fine PVA, Mesones I, Coley PD (2004) Herbivores promote habi-
tat specialization by trees in Amazonian forests. Science
305:663-665

Forrister DL, Endara M-J, Younkin GC, Coley PD, Kursar TA (2019)
Herbivores as drivers of negative density dependence in tropical
forest saplings. Science 363:1213-1216

Forrister DL, Endara M-J, Soule AJ, Younkin GC, Mills AG, Lokvam
J, Dexter KG, Pennington RT, Kidner CA, Nicholls JA, Loiseau
O, Kursar TA, Coley PD (2023) Diversity and divergence: evolu-
tion of secondary metabolism in the tropical tree genus Inga. New
Phytol 237:631-642

Galman A, Abdala-Roberts L, Zhang S, Berny-Mier y Teran JC,
Rasmann S, Moreira X (2018) A global analysis of elevational
gradients in leaf herbivory and its underlying drivers: effects
of plant growth form, leaf habit and climatic correlates. J Ecol
106:413-421

Gelman A, Hill J (2006) Data analysis using regression and multilevel/
hierarchical models. Cambridge University Press, Cambridge

Gelman A, Meng X-L, Stern H (1996) Posterior predictive assessment
of model fitness via realized discrepancies. Stat Sin 6:733-760

Getman-Pickering ZL, Campbell A, Aflitto N, Grele A, Davis JK,
Ugine TA (2020) LeafByte: a mobile application that measures
leaf area and herbivory quickly and accurately. Methods Ecol Evol
11:215-221

Goransson H, Rosengren U, Wallander H, Fransson A-M, Thelin G
(2006) Nutrient acquisition from different soil depths by pedun-
culate oak. Trees 20:292-298

Hahn PG, Maron JL (2016) A framework for predicting intraspecific
variation in plant defense. Trends Ecol Evol 31:646-656

Hyland B, Whiffin T, Zich F, Duffy S, Gray B, Elick R, Venter F,
Christophel D (2010) Australian tropical rainforest plants. Trees
shrubs and vines. Version, 6

Isbell R (2016) The Australian soil classification. CSIRO Publishing,
Clayton

Janzen DH (1974) Tropical blackwater rivers, animals, and mast fruit-
ing by the Dipterocarpaceae. Biotropica 69-103

Kaspari M (2020) The seventh macronutrient: how sodium shortfall
ramifies through populations, food webs and ecosystems. Ecol
Lett 23:1153-1168

Kellner K (2021) jagsUI: a wrapper around 'rjags' to streamline 'JAGS'
analyses. R package

Kim TN, Underwood N (2015) Plant neighborhood effects on her-
bivory: damage is both density and frequency dependent. Ecology
96:1431-1437

Lépez-Goldar X, Zas R, Sampedro L (2020) Resource availability
drives microevolutionary patterns of plant defences. Funct Ecol
34:1640-1652

Lowman MD (1985) Insect herbivory in Australian rain forests—is it
higher than in the neotropics. In: Proceedings of the ecological
society of Australia, vol 14, pp 109-119

Lynn JS, Fridley JD (2019) Geographic patterns of plant—herbivore
interactions are driven by soil fertility. J Plant Ecol 12:653-661

Lynn JS, Fridley JD, Vandvik V (2023) More than what they eat:
uncoupled biophysical constraints underlie geographic patterns
of herbivory. Ecography 2023:¢06114

Maschinski J, Whitham TG (1989) The continuum of plant responses to
herbivory: the influence of plant association, nutrient availability,
and timing. Am Nat 134:1-19

McElreath R (2020) Statistical rethinking: a Bayesian course with
examples in R and Stan. CRC Press, Boca Raton

Millard P (1993) A review of internal cycling of nitrogen within trees
in relation to soil fertility. Optimization of plant nutrition: refereed
papers from the eighth international colloquium for the optimi-
zation of plant nutrition, 31 August-8 September 1992, Lisbon,
Portugal. Springer, pp 623-628

Moles AT, Bonser SP, Poore AGB, Wallis IR, Foley WJ (2011) Assess-
ing the evidence for latitudinal gradients in plant defence and
herbivory. Funct Ecol 25:380-388

Moreira X, Petry WK, Mooney KA, Rasmann S, Abdala-Roberts L
(2018) Elevational gradients in plant defences and insect her-
bivory: recent advances in the field and prospects for future
research. Ecography 41:1485-1496

Newell FL, Ausprey 1J, Robinson SK (2023) Wet and dry extremes
reduce arthropod biomass independently of leaf phenology in the
wet tropics. Glob Change Biol 29:308-323

Norris MD, Avis PG, Reich PB, Hobbie SE (2013) Positive feedbacks
between decomposition and soil nitrogen availability along fertil-
ity gradients. Plant Soil 367:347-361

Pellissier L, Fiedler K, Ndribe C, Dubuis A, Pradervand J-N, Guisan
A, Rasmann S (2012) Shifts in species richness, herbivore spe-
cialization, and plant resistance along elevation gradients. Ecol
Evol 2:1818-1825

Peng Y, Bloomfield KJ, Cernusak LA, Domingues TF, Colin Prentice
1 (2021) Global climate and nutrient controls of photosynthetic
capacity. Commun Biol 4:462

Plummer M (2003) JAGS: a program for analysis of Bayesian graphical
models using Gibbs sampling. In: Proceedings of the 3rd inter-
national workshop on distributed statistical computing, Vienna,
Austria, pp 1-10

R Core Team (2021) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Viena

Rasmann S, Pellissier L, Defossez E, Jactel H, Kunstler G (2014) Cli-
mate-driven change in plant—insect interactions along elevation
gradients. Funct Ecol 28:46-54

Read J, Sanson GD, Caldwell E, Clissold FJ, Chatain A, Peeters P,
Lamont BB, De Garine-Wichatitsky M, Jaffré T, Kerr S (2008)
Correlations between leaf toughness and phenolics among species
in contrasting environments of Australia and New Caledonia. Ann
Bot 103:757-767

@ Springer



304

Oecologia (2024) 206:293-304

Ren H, Xu Z, Huang J, Lii X, Zeng D-H, Yuan Z, Han X, Fang Y
(2015) Increased precipitation induces a positive plant-soil feed-
back in a semi-arid grassland. Plant Soil 389:211-223

Robertson LP, Hall CR, Forster PI, Carroll AR (2018) Alkaloid diver-
sity in the leaves of Australian Flindersia (Rutaceae) species
driven by adaptation to aridity. Phytochemistry 152:71-81

Salinas N, Malhi Y, Meir P, Silman M, Roman Cuesta R, Huaman J,
Salinas D, Huaman V, Gibaja A, Mamani M, Farfan F (2011) The
sensitivity of tropical leaf litter decomposition to temperature:
results from a large-scale leaf translocation experiment along an
elevation gradient in Peruvian forests. New Phytol 189:967-977

Salminen J-P, Karonen M (2011) Chemical ecology of tannins and
other phenolics: we need a change in approach. Funct Ecol
25:325-338

Santiago LS, Wright SJ, Harms KE, Yavitt JB, Korine C, Garcia MN,
Turner BL (2012) Tropical tree seedling growth responses to
nitrogen, phosphorus and potassium addition. J Ecol 309-316

Singh Ramesh A (2023) Temperature and soil nutrient availability
shape tree responses to elevation in the Australian Wet Tropics:
growth, physiology, and chemistry. Doctoral dissertation, James
Cook University

Singh Ramesh A, Cheesman AW, Flores-Moreno H, Preece ND, Crayn
DM, Cernusak LA (2023) Temperature, nutrient availability, and
species traits interact to shape elevation responses of Australian
tropical trees. Front For Glob Change 6:1089167

Steinbauer MJ, Wallis IR, Davies NW, Watson SJ (2015) Foliar quality
of co-occurring mallee eucalypts: balance of primary and second-
ary metabolites reflects past growing conditions. Chemoecology
25:179-191

Storlie CJ, Phillips BL, VanDerWal JJ, Williams SE (2013) Improved
spatial estimates of climate predict patchier species distributions.
Divers Distrib 19:1106-1113

Thompson JMT, Brooks SP (2003) Bayesian computation: a statistical
revolution. Philos Trans Roy Soc Lond Ser A Math Phys Eng Sci
361:2681-2697

Volf M, Volfova T, Seifert CL, Ludwig A, Engelmann RA, Jorge LR,
Richter R, Schedl A, Weinhold A, Wirth C, van Dam NM (2022)
A mosaic of induced and non-induced branches promotes varia-
tion in leaf traits, predation and insect herbivore assemblages in
canopy trees. Ecol Lett 25:729-739

Wallis IR, Edwards MJ, Windley H, Krockenberger AK, Felton A,
Quenzer M, Ganzhorn JU, Foley WJ (2012) Food for folivores:
nutritional explanations linking diets to population density. Oeco-
logia 169:281-291

Wardle DA, Bardgett RD, Klironomos JN, Setdld H, van der Putten
WH, Wall DH (2004) Ecological linkages between aboveground
and belowground biota. Science 304:1629-1633

Weil RR, Brady NC (2017) The nature and properties of soils. Pearson,
New York

@ Springer

Westerband AC, Wright 1J, Maire V, Paillassa J, Prentice IC, Atkin OK,
Bloomfield KJ, Cernusak LA, Dong N, Gleason SM, Guilherme
Pereira C, Lambers H, Leishman MR, Malhi Y, Nolan RH (2023)
Coordination of photosynthetic traits across soil and climate gra-
dients. Glob Change Biol 29:856-873

White TC (2012) The inadequate environment: nitrogen and the abun-
dance of animals. Springer Science & Business Media, Berlin

Whitham T (1991) Plant responses to herbivory: the continuum from
negative to positive and underlying physiological mechanisms. In:
Plant—animal interactions: evolutionary ecology in tropical and
temperate regions. pp 227-256

Whittaker J (1979) Invertebrate grazing, competition and plant dynam-
ics. Popul Dyn 207-222

Williams S, Pearson R, Walsh P (1995) Distributions and biodiversity
of the terrestrial vertebrates of Australia’s Wet Tropics: a review
of current knowledge. Pac Conserv Biol 2:327-362

Williams S, VanDerWal J, Isaac J, Shoo LP, Storlie C, Fox S, Bolitho
EE, Moritz C, Hoskin CJ, Williams YM (2010) Distributions, life-
history specialization, and phylogeny of the rain forest vertebrates
in the Australian Wet Tropics. Ecology 91:2493-2493

Wise MJ, Abrahamson WG (2005) Beyond the compensatory con-
tinuum: environmental resource levels and plant tolerance of her-
bivory. Oikos 109:417-428

Wise MJ, Abrahamson WG (2007) Effects of resource availability on
tolerance of herbivory: a review and assessment of three opposing
models. Am Nat 169:443-454

Wolda H (1978) Seasonal fluctuations in rainfall, food and abundance
of tropical insects. J Anim Ecol 369-381

Wright 1J, Westoby M (2002) Leaves at low versus high rainfall:
coordination of structure, lifespan and physiology. New Phytol
155:403-416

Wright 1J, Reich PB, Westoby M (2003) Least-cost input mixtures of
water and nitrogen for photosynthesis. Am Nat 161:98-111

Wright 1J, Reich PB, Cornelissen JHC, Falster DS, Groom PK, Hiko-
saka K, Lee W, Lusk CH, Niinemets U, Oleksyn J, Osada N,
Poorter H, Warton DI, Westoby M (2005) Modulation of leaf eco-
nomic traits and trait relationships by climate. Glob Ecol Biogeogr
14:411-421

Youngentob KN, Renzullo LJ, Held AA, Jia X, Lindenmayer DB,
Foley WIJ (2012) Using imaging spectroscopy to estimate inte-
grated measures of foliage nutritional quality. Methods Ecol Evol
3:416-426

Youngentob KN, Zdenek C, van Gorsel E (2016) A simple and effec-
tive method to collect leaves and seeds from tall trees. Methods
Ecol Evol 7:1119-1123



	Relationships between abiotic factors, foliage chemistry and herbivory in a tropical montane ecosystem
	Abstract
	Introduction
	Materials and methods
	Study system
	Study species
	Climate data
	Soil chemistry data
	Foliage nutritional chemistry data
	Insect herbivory data
	Statistical analysis

	Results
	Spatial variability in soil nutrients
	Foliage nutritional chemistry across resource gradients
	Patterns in herbivory damage
	Indirect effects

	Discussion
	Patterns in resource availability across abiotic gradients
	Effects of resource availability on foliage nutritional chemistry
	The drivers of herbivory damage
	Revealing hidden connections

	Conclusion
	Acknowledgements 
	References




