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Abstract

Arthropod herbivores modulate ecosystem structure, productivity, and nutrient cycling. While
previous work has shown that plant-herbivore interactions for individual species are shaped by
abiotic factors, traits, and the surrounding plant community, the relative contribution of abiotic
and biotic factors for herbivory at the community level remains elusive. Here, we use a
structural equation model to disentangle the relative impact of temperature, precipitation (i.e.,
abiotic factors), tree phylogenetic diversity, and chemical as well as morphological leaf traits
on total leaf herbivory in the tree canopy. Leaf area loss was estimated along an elevational
gradient from 1000 to 3000 m a.s.l. in a tropical rainforest in southern Ecuador using litter traps.
Community leaf herbivory ranged from 2.5 % at 3000 m to 3.4 % at 1000 m. Community leaf
herbivory decreased with elevation, indirectly linked to increasing phylogenetic diversity and
directly to lower specific leaf area, calcium, and iron concentrations in plants. Our results
suggest that community leaf herbivory depends primarily on biotic interactions, which implies
that variations in these interactions, e.g., through climate or land-use change, could cause a shift
in the structure or productivity of the whole ecosystem.

Introduction

In almost all terrestrial ecosystems, herbivory caused by arthropods is an important antagonistic
plant-animal interaction (Njovu et al. 2019). Arthropod herbivory influences ecosystems by
changing the plant community composition, nutrient cycles, and plant productivity (Turcotte et
al. 2014). Plants protect themselves using various physical and chemical defense strategies,
which reduce leaf palatability (Kozlov et al. 2015; Zhang et al. 2017) and, thus, reduce leaf
damage (Njovu et al. 2019).
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Mechanical and morphometric traits, such as high leaf toughness and thickness (Coley et al.
1996), dry matter content (Wong et al. 2010), or specific leaf area (SLA; Poorter et al. 2004)
are associated with low damage by arthropod herbivores. Further, leaf nutrient concentrations
are important traits affecting herbivory (Clancy 1992; Coley et al. 1996; Korth et al. 2006;
Mattson and Haack 1987; Njovu et al. 2019), thus leading to altered herbivore damages (Coley
et al. 1996). For example, the ratios of carbon to nitrogen as well as nitrogen to phosphorus are
inversely related to herbivore abundance (Abbas et al. 2014; Bergmann 2017; Njovu et al.
2019). Additionally, sulphur-based elicitors are known to counteract herbivory by inducing
pathways of indirect plant defense (Aljbory and Chen 2018; O'Doherty et al. 2011) as well as
activating the production of anti-feeding agents like glycosinolates (Santos et al. 2018). Further,
foliar magnesium- (Mg), zinc- (Zn), manganese- (Mn), and iron-concentrations (Fe) generally
improve herbivore fitness (Clancy 1992), although, some studies reported that these foliar
components can also have toxic effects on herbivores, thus reducing leaf herbivory (Coleman
et al. 2005; Ribeiro et al. 2017). Other nutrients that have been linked to arthropod herbivory
include foliar potassium (K) concentration, (Helibvaara and Loyttyniemi 1989), and aluminum
(Al concentration, which reduce herbivory if accumulated in leaves (Ribeiro et al. 2017).

In addition to the traits of the plant individuals, plant diversity can mediate variations in
herbivory, as it influences leaf trait diversity (Hao et al. 2015; Vehvildinen et al. 2007).
Phylogenetic diversity integrates information on plant traits and is thus often related to
herbivory (Egorov et al. 2017). How the phylogenetic diversity influences herbivore
communities depends on the specific composition of each community, but some reports suggest
that phylogenetic diversity could be a driver for herbivory (Castagneyrol et al. 2014; Dinnage
et al. 2012; Parker et al. 2012; Schuldt et al. 2014).

Besides these biotic factors, it is well-documented that climate is linked to arthropod herbivory
((Galmaén et al. 2018; Hodkinson 2005; Kent et al. 2020; Kozlov et al. 2015; Metcalfe et al.
2014; Moreira et al. 2018; Pellissier et al. 2014). The most important abiotic drivers are
temperature and precipitation (Bale et al. 2002; Jamieson et al. 2012). Due to their ectotherm
metabolism (Hodkinson 2005), the activity and abundance of herbivorous arthropods are
generally high in warm regions at low elevations (Descombes et al. 2017). Additionally, plant-
herbivore interactions are linked to seasonal water availability (Jamieson et al. 2012; Janzen
1968; Kent et al. 2020), with higher herbivory rates during the wet season than during the dry
season (Aide 1988).

As temperature, precipitation, plant traits, and phylogenetic diversity vary along elevation,
analyzing herbivory patterns along elevational gradients might help to understand the specific
effects of these factors. Studies looking at the interplay between abiotic- and biotic factors have
observed that plants invest more energy into growth than defense under harsh climatic
conditions (Coley et al. 1985). Moreover, herbivore pressure is lower at high elevations, thus
making defense expendable (Galman et al. 2018). Additionally, analyzing the variation of
phylogenetic diversity across an elevational gradient and how this variation shapes leaf traits
might help to understand how phylogenetic diversity affects herbivory.



In this study, we aim to disentangle the impact of abiotic factors (i.e., temperature and
precipitation) and biotic factors (i.e., phylogenetic tree diversity, physical and chemical plant
traits) on arthropod herbivory in three tropical montane rainforests in southern Ecuador. Over
a year, we collected leaf litter of tree communities along an elevational gradient from 1000 to
3000 m a.s.l. To analyze herbivore damage, we quantified the cumulative leaf area loss across
litter traps per month (Coley 1983). We hypothesize a negative correlation between increasing
elevation and community leaf herbivory due to the direct and indirect effects of abiotic and
biotic factors. Firstly, we expect the decrease in temperature and the increase in precipitation
with increasing elevation to be negatively associated with herbivory. Secondly, we expect direct
effects of temperature and precipitation on phylogenetic tree diversity. Thirdly, we hypothesize
a decrease in leaf quality caused by the harsher environmental conditions at higher elevations
to negatively affect leaf herbivory and lastly, we expect an indirect effect of phylogenetic tree
diversity on herbivory via the leaf trait composition and thus the leaf quality.

Material & Methods

Study design

The study was conducted from February 2018 to January 2019 in the Podocarpus National Park
and San Francisco reserve, in southern Ecuador (Homeier et al. 2008). We worked along an
elevational gradient from 1000 to 3000 m a.s.l. with three main study areas: evergreen
premontane forest, lower montane forest and upper montane forest (Homeier et al. 2008).
Temperature declines along elevation, while precipitation increases (Bendix et al. 2008b;
Bendix et al. 2008a). Precipitation peaks from March to August, with a dry season between
September and February (Rollenbeck and Bendix 2011). At each elevation, we worked on three
100 m x 100 m plots of old-growth forest, which were located at least 100 m and at maximum
1.5 km apart from each other. Every tree with a diameter of > 10 cm at breast height within the
plots was determined to the species level if possible. This data was used for the calculation of
the phylogenetic diversity of each plot. Of the total species pool, we selected 52 representative
tree species covering the whole variety of plant functional types within the study area. Per tree
species, plant traits of 8 — 10 individuals were measured to quantify the trait variability of the
tree community in each plot.

Data collection

Herbivory

To quantify leaf herbivory by arthropods at the community level of trees, we set up 18 mesh
traps (1 m?) evenly distributed in the understory within each plot. The litter material within each
trap was collected every two weeks. Leaf litter was scanned (Canon, CanoScan LiDE 120 with
picture quality of 150 dpi) and the percentage of removed leaf area was estimated using the
program WinFOLIA™ (by Regent Instruments Inc., Version 2019a, Pro Version). Community



leaf herbivory was calculated for each plot as the mean percentage of leaf area loss across all
measured leaves.

Plant traits

Measurements were taken from 20 mature sun-exposed leaves without herbivore damage from
each tree (for four species only 5 — 7 individuals were found and for a few species with
particularly big leaves, a smaller number of leaves was analyzed due to time constraints). We
estimated foliar C, P, Al, Ca, Fe, K, Mg, Mn, S, and N concentrations, CN ratio, and NP ratio,
as well as specific leaf area (SLA), leaf area (LA), leaf thickness, leaf toughness, and dry matter
content (DMC). For the quantification of leaf thickness and leaf toughness, three additional
leaves per tree individual were used. For details see Homeier et al. (2021).

Trait measurements were taken from 422 trees belonging to 52 species (Tab. Al), with several
missing values for single traits (Tab. A2). Missing values were replaced with mean values of
the respective plot. To be able to make inferences on a community level, we calculated
community-weighted means (CWM) for each plant trait. This was done using the R package
stats (R Core Team 2021) by first computing mean trait values as well as abundance values for
each species per plot and then using the weighted.mean function to get CWM trait values per
plot.

Phylogenetic diversity

A  phylogenetic  tree was  built with the online tool Phylomatic
(https://phylodiversity.net/phylomatic/; Webb and Donoghued 2005), based on the backbone
mega tree S03_R20160415 euphyllophyte.new provided by M. Gastauer and J. Meira-Neto.
Age calibration was done using the method suggested by Grafen (1989) implemented in the
package ape (Paradis and Schliep 2019). We calculated mean pairwise phylogenetic distance
(MPD) per plot based on the previously constructed phylogenetic tree using the ses.mpd
function of the R package picante (Kembel et al. 2010). Hereby, the function parameter
null.model was set to independent swapping and abundance weighting was activated.

Climate data

Temperature and precipitation were measured using weather stations within each plot. From
January 2018 to December 2020, we sampled daily precipitation as well as daily mean
temperature. Using these data, we calculated the total precipitation and mean temperature for
each month and plot.

Statistical Analysis

The statistical analysis was performed using R Version 4.0.3 (R Core Team 2020). All leaf trait
and climate data were z-transformed and, additionally, leaf trait data were logio-transformed.
We tested for collinearity between plant traits using the Hmisc package (Harell, Jr. and Dupont
2020). According to these collinearity tests and literature research regarding their expected
impact on herbivory, we selected the following CWM plant traits for further analyses: SLA, S,
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Ca, Fe, Mn, CN, and NP (Appendix Fig. A1, Tab. A3). We used backward stepwise selections
to identify the minimal adequate linear mixed-effects models predicting community leaf
herbivory from leaf traits, leaf traits from phylogenetic diversity, and phylogenetic diversity
from abiotic data by using the R package ImerTest (Kuznetsova et al. 2020). Month and
elevational levels were included as random effects.

We used structural equation modeling (SEM) to estimate direct and indirect effects of abiotic
(temperature and precipitation) and biotic (leaf traits as well as MPD between trees) parameters
on community leaf herbivory, using the R package piecewiseSEM (Lefcheck 2016). Here, we
used monthly means per plot for community leaf herbivory and abiotic data to incorporate
temporal variations into our model. We time-shifted temperature by 3 months, as the correlation
between community leaf herbivory and temperature peaked for this time-shift (Tab. A4). The
elevational level as well as the month of sampling were included as random effects.
Additionally, we looked for seasonal patterns in herbivory at the different elevational levels.
Therefore, we plotted monthly means of community leaf herbivory per elevational level against
time to visualize how herbivory varied over the course of the year.

Results

On average, we collected 2033, 2406, and 2512 leaves per plot at 1000, 2000, and 3000 m a.s.l.,
respectively. Herbivory and CWM Ca concentration exhibited a humped-shaped curve across
elevation. CWM SLA continually decreased across the elevational gradient. CWM Fe
concentration decreased from 1000 to 2000 m a.s.l., but then stayed the same at 3000 m a.s.l.
MPD continually increased with increasing elevation (Tab. A5) changing from overdispersion
to clustering.

Linear model backward stepwise selection identified CWM SLA, Fe-, and Ca concentrations
as the best predictors for community leaf herbivory (Tab A6). SEM showed that community
leaf herbivory was impacted positively by SLA, directly negatively by Ca and directly
negatively by Fe concentrations (Fig. 1; Fig. 2). Herbivory was impacted indirectly by MPD
(Fig. 1; Fig. 2). There was no significant impact of temperature nor precipitation on any of the
response variables (Fig. 1). There was considerable variation of community leaf herbivory
across the year at all three elevational levels, ranging from 2.2 % in July to 7.0 % in April (Tab.
AT). Monthly variation was the most pronounced at 1000 m a.s.l. ranging from 2.1 % in January
t0 9.6 % in April (Fig. 3).
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Fig. 1: Associations of abiotic and biotic factors with community leaf herbivory in a south
Ecuadorian montane rainforest depicted as structural equation model linking mean monthly
temperature [°C], mean monthly precipitation [mm] with mean pairwise phylogenetic distance
(MPD) with community weighted mean SLA [cm?2/g], Ca- [mg/g DM], and Fe [mg/g DM]
concentration, and mean monthly community leaf herbivory (percentual leaf area loss [cm?])
along an elevational gradient from 1000 to 3000 m a.s.l. The value of the estimated effect size is
depicted in the thickness of the arrows. Black and solid arrows indicate significant positive
effects, dashed arrows indicate significant negative effects, grey arrows indicate non significance.
Asterisks mark the significance level (0.050 > * < 0.010 > ** < 0.001 > *** < 0.000).
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Fig. 2: Significant relationships between abiotic and biotic factors of the structural equation
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model analyzing the influence of temperature [°C], precipitation [mm], mean pairwise distance
(MPD), and community weighted mean calcium (Ca) [mg/g DM], iron (Fe) [mg/g DM], and
specific leaf area (SLA) [cm2/g] on community leaf herbivory [%] with regression line (black)
and 95% confidence interval (grey) in a south Ecuadorian tropical montane rainforest along an
elevational gradient from 1000 to 3000 m a.s..
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Fig. 3: Mean monthly community leaf herbivory [%], temperature [°C], and mean daily
precipitation [mm] in a south Ecuadorian tropical montane rainforest from 1000 to 3000 m a.s.l.
over one year.

Discussion

Our study on community leaf herbivory along an elevational gradient revealed that community
leaf herbivory was directly and positively associated with the community weighted mean
(CWM) leaf trait SLA, and negatively to the CWM Ca-, and Fe concentrations. MPD was
directly positively associated with all traits and thus indirectly associated with community leaf
herbivory. Unexpectedly, neither temperature nor precipitation were related to community
herbivory.

The observed positive effect of SLA on community leaf herbivory matches past studies
(Garibaldi et al. 2011; Poorter et al. 2004; Schadler et al. 2003). SLA was already used as a
predictor for herbivory (Bendix et al. 2021; Hulshof et al. 2013) since low SLA indicates
reduced palatability due to high leaf thickness and low leaf water content (Coley et al. 1996;
Marenco et al. 2009). Additionally, our results support the herbivore defensive function of foliar
Ca- and Fe concentrations. The negative relation between Ca concentrations and herbivory can
be a result of chemical defense against herbivores as plants use Ca to build Ca oxalate minerals,
which were found in most terrestrial plants (Hanley et al. 2007) and have a detrimental effect
on chewing insects (Korth et al. 2006). Similarly, Fe concentrations, which are negatively
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related to community leaf herbivory in our study have been shown to reduce leaf herbivory
(Ribeiro et al. 2017).

As expected, community leaf herbivory was indirectly impacted by MPD through leaf
nutritional quality. We observed an increase in tree phylogenetic diversity with increasing
elevation, but contrary to the literature (McCain and Colwell 2011; Sarano 2019) we could not
translate this trend to the decreasing temperature along our elevational gradient. This change in
tree phylogenetic diversity was related to the three leaf traits directly associated with the
community leaf herbivory, either with a positive relation (SLA) or a negative relation (foliar
Ca and Fe concentrations). We did not find a direct association between tree phylogenetic
diversity and herbivory. Since both herbivorous- and predatory arthropod diversity as well as
abundance benefit from increased plant phylogenetic diversity, its potential association with
community leaf herbivory could be outweighed by the herbivores’ predators (Dinnage et al.
2012).

The positive relation of phylogenetic diversity with CWM SLA resulted in a well-documented
decline of SLA along elevation (Hulshof et al. 2013). This could be explained by evolutionary
adaptations of tree species to harsher environmental conditions, like poor resource availability,
which shape the SLA (Ackerly 2004). Leaves with smaller SLAs are better adapted to resource-
poor environments because they allow for more resource retention due to their longer life span
(Wilson et al. 1999). Resource availability generally decreases with elevation, and it has been
demonstrated that there is poor nutrient availability at high elevations in our study area, as soil
acidity, CN ratio, and soil moisture are elevated (Moser et al. 2011). In accordance with the
existing literature, we found a positive relationship between phylogenetic diversity with foliar
concentrations of Ca and Fe (Hao et al. (2015), and a direct negative association between Ca
and Fe concentrations (Gunes et al. 1998) supporting the notion that food quality of leaves
being shaped by nutrient concentration as well as elemental defense (Boyd 2007). Moreover,
the observed positive association of SLA on concentrations of both Ca and Fe reflects a robust
relationship previously documented across biomes (Hoffmann et al. 2005). These relationships
between leaf traits could have been promoted by the strong correlations between many
measured leaf traits in our study, indicating complex foliar nutrient interactions. It should be
noted that both, MPD and the CWM leaf traits were not measured from the same leaves or tree
species, from which leaf herbivory was determined. However, as we took care to take
representative samples from the tree community, we feel that our study allows in general
reliable conclusions.

Although a multitude of previous studies have found that temperature plays a key role in leaf
herbivory (Bale et al. 2002; Cornelissen 2011; Janzen 1968; Loughnan and Williams 2019), we
observed no such effect. The relation between temperature and leaf herbivory can mostly be
traced back to correlated patterns in arthropod abundance or activity as temperature influences
the metabolic activity of arthropods (Aide 1988; Aide 1993; Lemoine et al. 2014). As such,
reduced temperatures at high elevations potentially lead to an overall decrease in herbivore
pressure (Descombes et al. 2017). We suspect the absence of this effect is because temperatures
in our study area remained sufficiently high to support insect activity across all elevations.



We also did not find an effect of precipitation on community leaf herbivory, although several
studies found either a negative or positive precipitation effect across different climatic regions
(Janzen 1968; Kent et al. 2020; Kozlov et al. 2015; Loughnan and Williams 2019; Mazia et al.
2012; Rodriguez-Castafieda 2013; Vasconcelos 1999). However, studies demonstrating
precipitation effects on herbivory typically investigated water-stressed plants (Mattson and
Haack 1987). Due to overall high water availability along the elevational gradient in our study
area, plants do not suffer water stress (Rollenbeck and Bendix 2011), suggesting that variations
in precipitation are not strong enough to cause significant effects on herbivory.

Precipitation has also often been linked to herbivory via seasonality (Mazia et al. 2012).
Hereby, studies observed higher herbivory rates during wetter months in response to elevated
insect abundance (Aide 1988; Aide 1993). This increase in abundance might be due to the great
production of young leaves with high palatability as a consequence of the increased water
availability (Coley 1983; Wolda 1978). We also found a clear seasonal pattern in community
herbivory across the elevational gradient, with a peak in April. Here it becomes apparent, that
because we did not find evidence that precipitation is the driver behind this seasonal variation
in herbivory, the temporal development of the herbivorous arthropods should be investigated
further in future research.

Conclusion

We found a complex interplay of community leaf herbivory, phylogenetic plant diversity, and
leaf traits, which resulted in decreased community leaf herbivory at higher elevations. We found
a direct and positive effect of increasing phylogenetic plant diversity on all leaf traits. Further,
we demonstrated a positive link between the leaf trait SLA and community leaf herbivory and
negative relations of Ca-, and Fe concentrations on community leaf herbivory. Furthermore, we
present evidence that contrary to the literature the abiotic factors temperature and precipitation
are not necessarily drivers for variation in community leaf herbivory in tree canopies of tropical
montane rainforests. We detected clear seasonal variations in community leaf herbivory with
higher leaf area loss during wetter months than dryer months. For future research, we
recommend repeated measurements over one year to gain a better understanding of the direct
and indirect interactions between abiotic and biotic factors and community leaf herbivory. This
will help to gain a mechanistic understanding of how varying abiotic factors modulate leaf
herbivory on a community level and thus influence ecosystem functions such as primary
productivity.
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Appendix

Tab. Al: Number of samples per elevational level. Measurements were taken from the
indicated number of individual trees belonging to the indicated number of species.

Elevation Plant traits Phylogenetic diversity

[mas.l] species  trees species  trees
1000 20 156 239 1249
2000 20 169 384 3386
3000 12 97 217 3877
Total 52 422 509 8512

Tab. A2: Number of sampled tree individuals with measured and missing values per leaf trait.

C P Al Ca Fe K Mg Mn S N CN NP SLA LA Thick- Tough- DMC

ness ness
Measured 416 418 405 418 418 393 418 418 376 416 416 414 420 378 421 422 421
Missing 6 4 17 4 4 29 4 4 46 6 6 8 2 44 1 0 1

Table A3: Selection criteria of plant traits to be used in the community herbivory analyses.

Trait Notes References

Specific Leaf Area (SLA) [cm?/g] Correlation with palatability, therefore, could affect Schadler et al. (2003)
herbivory; Association to physical leaf defense Descombes et al. (2017)

Sulphur (S) [mg/g DM] Component of some elicitors and anti-feeding agents  Aljbory and Chen (2018)

O'Doherty et al. (2011)
Santos et al. (2018)

Calcium (Ca) [mg/g DM] Calcium Oxalates = anti-herbivore defense Finley (1999)
Hanley et al. (2007)

Iron (Fe) [mg/g DM] Iron accumulation reduces leaf herbivory Ribeiro et al. (2017)

Mangan (Mn) [mg/g DM] Mangan accumulation reduces leaf herbivory Ribeiro et al. (2017)
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Carbon to Nitrogen Ratio (CN) Associated to herbivory in numerous studies, therefore  e.g., Njovu et al. (2019)
here tested despite weak correlation with specific leaf  Busch and Phelan (1999)
area

Nitrogen to Phosphorus ratio (NP) High Nitrogen to Phosphorus ratio associated to low Njovu et al. (2019)
herbivory levels

Table A4: Spearman correlation coefficient between monthly community herbivory [%] and
both mean monthly temperature [°C] and monthly precipitation [mm]. Non-significant
correlation coefficients in grey.

Timeshift in months temperature precipitation

0 0.25 0.05
1 0.33 0

2 0.33 -0.11
3 0.37 -0.05
4 0.35 -0.19
5 0.34 -0.22
6 0.28 -0.39
7 0.15 -0.38
8 0.06 -0.32
9 0.06 0.01
10 0.07 0.01
11 0.15 0.12

Tab. A5: Mean community leaf herbivory [%] and leaf traits significantly influencing leaf
herbivory for each elevational level [m a.s.l.]. SLA = Community weighted mean specific leaf
area [cm?/g]; Ca = Community weighted mean leaf calcium concentration [mg/g]; Fe =
Community weighted mean leaf iron concentration [mg/g]; MPD = Mean pairwise distance.

Elevation  Herbivory SLA Ca Fe MPD
1000 3.4 % 117 9.87 0.09 -1.13
2000 35% 77 4.48 0.06 -0.03
3000 25% 57 6.34 0.06 0.16

Tab. A6: Variables occurring in the minimal adequate models used for the structural equation
model to analyze their impacts on community leaf herbivory [%]. SLA = Community weighted
mean specific leaf area [cm?%g]; Ca = Community weighted mean leaf calcium concentration
[mg/g DM]; Fe = Community weighted mean leaf iron concentration [mg/g DM]; MPD = Mean
pairwise phylogenetic distance, temperature = monthly mean [°C]; precipitation = monthly
mean [°C]; elevation = elevational level [m a.s.l.].

Response Predictors Random effect
MPD Temperature, Precipitation ~ Elevation

SLA MPD Elevation

Ca MPD, SLA Elevation

Fe MPD, SLA, Ca Elevation
Herbivory SLA, Ca, Fe Month
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Tab. A7: Monthly percentage of community herbivory [%] per and across elevational levels.
Minimum and maximum herbivory values are in bold.

Month 1000 m a.s.l. 2000 ma.s.l. 3000 ma.s.l. Mean across elevation
January 212 2.52 2.09 2.22
February 4.44 3.4 2.67 3.33
March 3.93 3.8 3.05 3.59
April 9.57 6.66 4.64 7.05
May 4,52 5.75 3.62 4.54
June 4,71 2.68 2.84 3.23
July 2.45 2.47 1.73 2.21
August 3.14 3.1 2.63 2.98
September 2.23 2.89 1.64 2.27
October 1.77 3.01 1.82 2.27
November 1.89 2.88 1.65 2.23
December 2.74 3.72 2.19 2.85

-0.10

-0.10

-0.11

-0.25

0.21

r0.2

Figure Al: Pearson’s correlation coefficients matrix of measured leaf traits. Blank spaces
indicate a non-significant correlation between two leaf traits. For abbreviation explanations
of leaf traits see Tab. Al column “Trait”.
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