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Abstract

Research aimed at understanding the mechanisms underlying the relationship between tree
diversity and antagonist infestation is often neglecting resource-use complementarity among plant
species. We investigated the effects of tree species identity, species richness, and mycorrhizal type
on leaf herbivory and pathogen infestation. We used a tree sapling experiment manipulating the
two most common mycorrhizal types, arbuscular mycorrhiza and ectomycorrhiza, via respective
tree species in monocultures and two-species mixtures. We visually assessed leaf herbivory and
pathogen infestation rates, and measured concentrations of a suite of plant metabolites (amino
acids, sugars, and phenolics), leaf elemental concentrations (carbon, nitrogen, and phosphorus),
and tree biomass. Tree species and mycorrhizal richness had no significant effect on herbivory
and pathogen infestation, whereas species identity and mycorrhizal type had. Damage rates

were higher in arbuscular mycorrhizal (AM) than in ectomycorrhizal (EM) trees. Our structural
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equation model (SEM) indicated that elemental, but not metabolite concentrations, determined
herbivory and pathogen infestation, suggesting that the investigated chemical defence strategies
may not have been involved in the effects found in our study with tree saplings. Other chemical
and physical defence strategies as well as species identity as its determinant may have played

a more crucial role in the studied saplings. Furthermore, the SEM indicated a direct positive
effect of AM trees on herbivory rates, suggesting that other dominant mechanisms, not considered
here, were involved as well. We found differences in the attribution of elemental concentrations
between the two rates. This points to the fact that herbivory and pathogen infestation are driven by
distinct mechanisms. Our study highlights the importance of biotic contexts for understanding the
mechanisms underlying the effects of biodiversity on tree-antagonist interactions.
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Introduction

The positive effects of plant diversity on the functioning of ecosystems are substantially
driven by the complementary use of resources. However, the underlying mechanisms of
biodiversity-ecosystem functioning (BEF) relationships are still elusive (Cardinale et al.,
2012; Eisenhauer et al., 2016; Grossman et al., 2018). Indeed, most of the studies focus

on plants and plant-related ecosystem functions, where empirical evidence for resource-use
complementarity is inconsistent (Barry et al., 2019). This calls for the consideration of

the trophic complexity of ecosystems. It includes interactions of plants with higher trophic
levels, such as insect herbivores and pathogens as major determinants of plant fitness (Hines
etal., 2015; Weisser & Siemann, 2008). In forest BEF experiments, there have been few
studies and inconsistent findings (Grossman et al., 2018; Schuldt et al., 2017), despite the
significance of damage caused by insect herbivores (e.g., Franceschi, Krokene, Christiansen
& Krekling, 2005) and pathogens (e.g., Graniti, 1998).

Higher tree diversity can affect the fitness of an individual tree species, e.g., through a
decrease in leaf herbivory and pathogen infestation rates (Al-Alouni, Brandl, Auge &
Schédler, 2014; Hantsch et al., 2014; Jactel & Brockerhoff, 2007). However, numerous
studies have also found neutral and even positive effects of biodiversity on herbivory and
pathogen infestation rates (Schuldt et al., 2010, 2017; \ehvildinen, Koricheva & Ruohomaki,
2007). The net effect of tree diversity on herbivory can be regarded as the result of

opposing, mutually non-exclusive mechanisms. Negative effects can be the result of an
increased diversity and efficiency of natural enemies of plant antagonists in more diverse
tree stands (Andow, 1991; Jouveau et al., 2020) as well as a consequence of resource
dilution especially for specialised antagonists (resource concentration hypothesis; Barbosa et
al., 2009; Castagneyrol, Giffard, Péré & Jactel, 2013; Root, 1973). Positive effects of plant
diversity on insect herbivore performance may be driven by positive effects on generalists, in
particular through diet mixing for example, (Unsicker, Oswald, Kdhler & Weisser, 2008) or
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herbivore spill-over from preferred to other plants (e.g., Jactel & Brockerhoff 2007; White &
Whitham 2000). In the same line, some pathogens depend on the presence of multiple plant
species to complete their life cycle (Nguyen et al., 2016). Whilst these hypotheses focus

on antagonist-associated processes, there is an increasing recognition of host-associated
processes as underlying mechanisms of plant diversity effects on plant antagonists. The
complementary use of resources in more diverse plant communities (Loreau & Hector 2001;
Oelmann et al., 2007), may lead to higher leaf quality and, consequently, higher rates

of herbivory. In contrast, the enhanced resource supply may also be invested in defence
strategies and reduce the palatability of plant material for herbivores (Kostenko, Mulder,
Courbois & Bezemer, 2017; Mraja, Unsicker, Reichelt, Gershenzon & Roscher, 2011).

The elemental composition of plants determines the plant biomass consumed by herbivores
(Cebrian & Lartigue 2004; Sterner, Elser, Fee, Guildford & Chrzanowski, 1997). A better
nutrient supply of plants, e.g., within a diverse plant community, can lead to an elevated
fitness of the antagonists. At the same time, it may strengthen the community’s ability to
defend itself against the antagonists. As these mechanisms act antagonistically, predictions
on the effects of plant diversity on leaf herbivory and pathogen infestation remain difficult.
Furthermore, allocation of elements to plant defence may depend on the probability of
antagonist attack and the general benefit of defence (Cipollini, Walters & Voelckel, 2018;
Stamp, 2003). To ultimately unravel the underlying relationship between plant diversity,
leaf herbivory, and pathogen infestation rates, it is thus crucial to concomitantly study
plant elemental concentrations and the main compounds involved in plant defence against
herbivores and pathogens.

Mycorrhizal fungi play critical roles in the competitive capabilities of plants (Smith &
Read 2010; van der Heijden, Martin, Selosse & Sanders, 2015). The two most common
mycorrhizal types are arbuscular mycorrhiza (AM) and ectomycorrhiza (EM). They have
distinct foraging strategies and life styles as well as different mechanisms for resource
exchange (Bonfante & Genre 2010; Soudzilovskaia et al., 2019). AM fungi completely
depend on their host as the sole carbon supplier and, in turn, provide the plant host

with soil phosphorus that is often limiting to the plant (Brundrett, 2009; Smith & Read
2010). EM fungi can be obligate or also have a saprotrophic phase, taking up organic and
mineral plant resources from various substrates for nutrient exchange with the host. Due
to the large hyphae system, EM fungi scavenge more effectively and at further distances
from the host roots compared with AM fungi. The mutual interaction between mycorrhizal
fungi and plants may lead to an increased nutritional value of leaves and synthesis of
defence-related compounds (Fernandez et al., 2014; Kaling et al., 2018). Moreover, it has
been found that, in the initial phase of mycorrhizal fungal colonisation, plants recognise
fungi as invaders triggering similar responses like pathogens (Ferlian et al., 2018a). In
this way, mycorrhizal fungi are able to enhance plant immunity by increasing the levels
of defence-related metabolites and foster defencepriming (Gange & West 1994; Kempel,
Schmidt, Brandl & Schéadler, 2010; Martinez-Medina et al., 2016).

The functional diversity of plants in terms of mycorrhizal association may potentially
increase resource partitioning amongst plant species (Klironomos, McCune, Hart & Neville,
2000; Wagg, Barendregt, Jansa & van der Heijden, 2015); and mycorrhizal fungi have been

Basic Appl Ecol. Author manuscript; available in PMC 2021 September 06.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ferlian et al.

Page 4

proposed to play a critical role in positive BEF relationships (Ferlian et al., 2018a, 2018b).
Thus, the effects of plant diversity on antagonists may be co-determined by the effects of
mycorrhizal diversity via changes in resource acquisition, plant defences, and the nutritive
value of plant tissue.

We investigated the effects of tree species identity and richness as well as mycorrhizal

type on leaf herbivory and pathogen infestation rates. We used a tree sapling diversity
experiment that manipulates the two most common mycorrhizal types (AM and EM; via
suitable tree species selection) and tree species richness (monocultures and two-species
mixtures). We measured the concentrations of defence-related plant metabolites (a set of
sugars, amino acids, and phenolics) to shed light on the underlying mechanisms between
plant diversity and leaf damage. Furthermore, we measured leaf elemental (carbon [C],
nitrogen [N], and phosphorus [P]) concentrations reflecting general plant nutrient uptake and
leaf palatability. (1) We hypothesised that herbivory and pathogen infestation rates are lower
in the tree species mixtures compared to monocultures. Similarly, herbivory and pathogen
infestation rates are lower in tree communities being associated with both mycorrhizal types
compared to communities with only one dominant mycorrhizal type. This is attributable

to the resource concentration hypothesis and the higher defence ability due to partitioning
and better exploitation of resources. (2) We further hypothesised that concentrations of
defence-related plant metabolites explain a higher proportion of the effects on herbivory and
pathogen infestation rates than element concentrations. (3) Due to the different life strategies
and specialisation of leaf herbivores and pathogens, the mechanisms behind the effects of
plant diversity differ between leaf herbivory and pathogen infestation rates.

Materials and methods

Study site

The site is located in Southeastern Germany, at the Bad Lauchstédt Experimental Research
Station of the Helmholtz Centre for Environmental Research-UFZ (51°23" N, 11°53" E),
115 m a.s.l.; the climate is continental with an annual mean temperature of 8.8 °C and 484
mm mean annual precipitation. The site has silt over calcareous silt as parent rock, and the
soil type is Haplic Chernozem developed from Loess with a pH range between 6.6 and 7.4
(Altermann et al., 2005; Ferlian et al., 2018b). For further site characteristics, see Ferlian et
al. (2018b).

Experimental design

In March 2015, we set up tree monocultures and two-species mixtures (‘tree species
richness treatments”) within the framework of the tree diversity experiment MyDiv (Ferlian
et al., 2018b). In addition, a mycorrhizal treatment with three levels, tree communities
predominantly associated with AM fungi, tree communities predominantly associated with
EM fungi, and tree communities with both mycorrhizal types, was established. Tree species
naturally associated with either one of the two mycorrhizal types (Wang & Qiu 2006) were
planted. This resulted in nestedness of tree species identity in mycorrhizal type identity. As
we did not control for mycorrhizal fungal colonisation directly, we use the terms ‘dominance
of AM’ and ‘dominance of EM’ for the two treatment levels hereafter.

Basic Appl Ecol. Author manuscript; available in PMC 2021 September 06.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Ferlian et al.

Page 5

For the AM-species pool, the following five species were selected: Acer pseudoplatanus,
Aesculus hippocastanum, Fraxinus excelsior, Prunus avium, and Sorbus aucuparia. For

the EM-species pool, the following five species were selected: Betula pendula, Carpinus
betulus, Fagus sylvatica, Quercus petraea, and Tilia platyphyllos. Per species, we set up
two monoculture replicates, ten replicates in two-species mixtures each for AM tree species
and for EM tree species, plus 25 replicates in two-species mixtures, in which there was
always an AM tree species combined with an EM tree species. Thus, all possible species
combinations were implemented. Specific species compositions were not replicated to not
confound species diversity effects with that of community composition. Overall, 65 plots
were set up in a random spatial arrangement. Each plot contained four two- to three-year-old
tree individuals planted in a rectangular pattern. Distance between trees was 15 cm and
between plots 1 m. All plots were covered with a water-permeable polypropylene tarp to
minimise competition and interference with weeds.

To validate the mycorrhizal type treatment in our study, we assessed the colonisation rates
with AM and EM morphologically in all ten tree species as described in Appendix A:
Methods A.1. We found trends of differing mycorrhizal colonisation rates between AM and
EM trees; and variation was overall relatively high (e.g., mean frequency ratio in AM trees:
4.43 + 4.58; mean frequency ratio in EM trees: 3.30 £ 3.72; Appendix A: Fig. A.1).

Leaf damage

At the beginning of September 2016 (after a duration of 18 months), 15 sun leaves per

tree individual were randomly selected from different branches. Visual signs of leaf damage
due to insect herbivore and pathogen attack were recorded. In particular, we differentiated
between four herbivore categories (chewer, hole-feeder, miner, and sucker) and two fungal
pathogen categories (rust and mildew; hereafter called feeding type). However, damage by
sucking insects could not be added to the analyses as rates were too low. Percentage of
herbivory and pathogen infestation was calculated from presence/absence data within these
fifteen leaves within each category and in total representing the respective tree individual.
Means of leaf damage were calculated from these values per species and plot.

Leaf elemental concentrations

Right after leaf damage assessment, five intact sun leaves (without signs of herbivory or
pathogen infestation) per tree individual were randomly collected from different branches,
pooled to one sample per tree species within a plot, and cooled. Leaves were frozen at

—80 °C until processing. A subsample of leaves was dried at 60 °C and ground to fine
homogeneous powder with a ball mill (MM 400, Retsch, Haan, Germany). Five mg of leaf
material were transferred into tin capsules. Leaf total C and total N concentrations were
measured with an elemental analyser (vario EL cube; Elementar Analysensysteme GmbH,
Hanau, Germany). For measurements of total leaf P concentrations, a further aliquot of 500
mg powder was dissolved using microwave digestion and 5 ml HNOz and 0.5 ml H,05
(200 °C for 30 min, Multiwave, Anton Paar GmbH, Graz, Austria). Samples were measured
with an inductively coupled plasma optical emission spectrometer (wave length: 177.5 nm;
limit of determination: 0.13 mg/L; Arcos, Spectro Analytical Instruments GmbH, Kleve,
Germany). Means of elemental concentrations were calculated per species and plot.
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Leaf chemical compounds

A further subset of leaves was taken from all samples, lyophilised, and ground with a ball
mill to fine powder. Ten mg of this leaf powder were extracted with methanol (0.1 ml per
mg) containing 0.8 mg/ml phenyl-g-glucopyranoside, 10 mg/ml trifluoromethyl cinnamic
acid and 1 mg/ml syringic acid (Sigma Aldrich, St. Louis, USA) as internal standards. The
samples were shaken twice with a paint shaker for 30 s (Scandex, Pforzheim, Germany) and
then centrifuged for 2 min at 3200 rpm. The supernatants were then used to analyse sugars,
amino acids, and phenolics as described in detail in Appendix A: Methods A.2. Briefly, the
compounds were measured with an HPLC coupled to a triple—quadrupole mass spectrometer
after diluting the extracts 1:10 with water (in case of sugars and amino acids). In case of
amino acids, a 10 zg mi~1 mixture of °N/13C labelled amino acids (Isotec, Miamisburg,
OH, USA) was added to the samples and compound separation was achieved on a Zorbax
Eclipse XDB-C18 column (50 x 4.6 mm x 1.8 um; Agilent, Santa Clara, CA, USA). This
column was also used to separate phenolic compounds (Appendix A: Table A.1). Sugars
were separated on a hydrophilic interaction liquid chromatography (HILIC) column (15

cm x 4.6 mm x 5 gm, apHera-NH2 Polymer; Supelco, Bellefonte, PA, USA). Means were
calculated per species and plot.

Tree biomass

All trees were harvested in September 2016. Stems were cut at the base to

separate aboveground from belowground biomass. Tree individuals were separated. Tree
aboveground parts including all woody parts and leaves were weighed per tree individual
after drying at 60 °C for one week.

Statistical analysis

Tree biomass, leaf elemental and compound concentration data were log-transformed

which improved homoscedasticity and normal distribution. Data on herbivory and pathogen
infestation rates were logit-transformed. The variables tree species richness and mycorrhizal
type were merged into one composite variable with the following five levels: monoculture-
AM, monoculture-EM, mixture-AM, mixture-EM, and mixture-both mycorrhizal types.
Using linear mixed effects models, the effects of the composite variable, elemental
concentrations (C and N), and metabolite concentrations (see Appendix A: Table A.2 for

a list of compounds) on (total and feeding type-specific) leaf damage were tested. We

used random intercept models and tree species identity as random factor. We further used
marginal RZ and conditional R? to display the proportion of variance explained by the

fixed factor alone and by both the fixed and the random factor, respectively. The models
using leaf damage and element concentrations were run for all mycorrhizal types separately.
Tree species richness was used as a second random factor. Similarly, we conducted linear
mixed effects analyses on herbivory and pathogen infestation rates using tree species identity
as fixed factor and tree species richness as random factor. We used Tukey’s Honestly
Significant Difference (HSD) test for pairwise comparisons. Additionally, we grouped
compounds into benzyl alcohol derivatives, coumarins, flavan-3-ols, flavone glucosides, and
phenolic acids and summed the concentrations of individual compounds in these groups,
respectively. Correlations between plant metabolite group concentrations and leaf damage
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were also tested using a linear mixed effects model. The variables tree species identity and
tree species richness were used as random factors.

We, further, performed a redundancy analysis (RDA) and variation partitioning using the
metabolite data, which was first transformed into relative values per metabolite. With the
variation partitioning, we were able to identify the amount of variance in metabolite profiles
explained by tree species identity relative to the variance explained by the other predictor
variables. The significance of the RDA, the different fractions in the variance partition
analyses and the RDA axes were tested by global permutations, using 999 iterations.
Building on this, we conducted a partial RDA (pRDA), to partial out the effects of tree
species identity. We used the coordinates of the first two axes of this ordination to look at
how the metabolite profiles differed between samples once the effect of tree species was
factored out. Analyses were conducted with R (R Development Core Team, 2014) using
the packages ‘ggplot2’ (Wickham, 2016), ‘Ime4’ (Bates, Méchler, Bolker & Walker, 2015),
‘MuMIn’ (Barton, 2013), and ‘vegan’ (Oksanen et al., 2013).

To disentangle direct from indirect effects of tree species richness and mycorrhizal type
on herbivory and pathogen infestation rates in a single model, structural equation models
(SEMs) were applied (Grace, 2006). The following variables were scaled and used to

set up the model: mycorrhizal type (as binary coded [0, 1] variables AM and EM), tree
species richness, leaf P, leaf N, leaf C, tree aboveground biomass, herbivory rates, pathogen
infestation rates, and the scores of the first two pRDA axes. The variables AM, EM, and
tree species richness represented exogenous variables, whereas the others were treated as
endogenous variables. An initial meta-model was created and properly justified based on
expert knowledge (see Fig. 3A for a full justification and related hypotheses for all path
groups). Using IBM AMOS v21, we conducted an overall model fitting. Model selection
was based on a stepwise approach using CAIC values starting with an initial valid model,
following the removal of the weakest insignificant path from the model (checking for the
decrease of the CAIC). The procedure was repeated until the difference in CAIC between
the former and present model was smaller than 2. The resulting SEM was used here as the
basis for our results.

Basic Appl Ecol. Author manuscript; available in PMC 2021 September 06.



s1dLosnUBIA Joyny sispund DN edoin3 g

s1dLIOSNUBIA JoyIny sispund DN 8doin3 g

Ferlian et al. Page 8
100 B AM H EM =1 Both
Herbivory X2(4) = 6.36 4)=2.77
P=0.17
791 )

,

Pathogen infestation X2(
P=0.60
[ ]

Results

Effects of tree species identity, richness, and mycorrhizal type on leaf damage

Mono

Fig. 1.

Total herbivory and pathogen infestation rates in tree species monocultures (Mono) and
mixtures (Mix) of arbuscular mycorrhizal (AM) communities, ectomycorrhizal (EM)

Mix

Mono

communities and communities with both mycorrhizal types (Both).

Mix

Total herbivory rates did not differ significantly between the five levels of the composite

treatment variable (Fig. 1) as indicated by linear mixed effects models (8 mono-EM = —
0.05, SE = 0.52; B mix-am = 0.16, SE = 0.39; B mix-em = 0.09, SE = 0.47; B mix-Both
=-0.40, SE = 0.37; X2(4) =6.4; P=0.17). However, there was a trend of lower total

herbivory rates in EM compared to AM communities in both monocultures and mixtures.

Total herbivory rates tended additionally to be generally lower in mixtures compared
to monocultures. Proportions of variation explained by both fixed and random factors

(composite treatment and tree species identity, R? ,,) and that explained by only the fixed

factor (composite treatment, R2 ) were 0.02 and 0.41. Herbivory rates differed highly

significantly among tree species in all communities (AM, EM, and Both; Table 1). In AM

communities, S. aucupariaand A. hippocastanum showed the lowest and highest rates,

respectively; in EM communities, £ sylvaticaand T. platyphyllos showed the lowest and
highest rates, respectively; in communities with both mycorrhizal types, F. sy/vaticaand A.
hippocastanum showed the lowest and highest rates, respectively.
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Similarly, total pathogen infestation rates did not differ significantly between the five
treatment levels (8 mono-em = —0.33, SE = 0.69; B mix-am = —0.66, SE = 0.52; B nix-em = —
0.56, SE = 0.62; B mix-Both = —0.71, SE = 0.50; X2(4) =2.8, P=0.60; Fig. 1). Like herbivory
rates, pathogen infestation rates were lower in EM communities than in AM communities,
and mixtures had generally lower rates. Within the mixtures, total pathogen infestation rates
of tree communities with both mycorrhizal types were in between that of only AM and
only EM communities. Pathogen infestation rates differed significantly among tree species
in AM and communities with both mycorrhizal types but not in EM communities (Table 1).
In AM communities, A. Ajppocastanumand P, avium showed the lowest and highest rates,
respectively; in EM communities, B. pendulaand T. platyphyllos showed the lowest and
highest rates, respectively; in communities with both mycorrhizal types, £~ sylvaticaand P,
avium showed the lowest and highest rates, respectively.

Correlations between leaf elemental concentrations and leaf damage

N concentrations and herbivore mining rates were significantly positively correlated,
whereas all other correlations between elemental concentrations and herbivory-related
variables were not significant (Table 2).

C and N concentrations were significantly negatively correlated with total pathogen and rust
infestation rates in EM communities (Table 2). Leaf N was negatively correlated with total
pathogen rates in AM communities, whereas there were no other significant correlations. In
contrast to herbivory rates, all pathogen-related infestation rates were negatively correlated
with C and N concentrations (Table 2).

In general, differences between proportions of variation explained by both fixed and random
factors (elemental concentration and tree species identity and richness, respectively; Table
2) and those explained by only the fixed factor (elemental concentration) were larger in AM
communities compared to EM communities and communities with both mycorrhizal types.
Correlations and trends for C concentrations resembled that of N concentrations.

Effects of tree species richness and mycorrhizal type on plant metabolites

The variation partitioning revealed that tree species identity significantly explained most of
the variance in the metabolite profile (R? adjusted = 0.59, £< 0.001; Fig. 2A). Tree species
richness and mycorrhizal type explained little variance (R? adjusted < 0.01 for both). All of
the variance explained by mycorrhizal type was shared with tree species identity (R2 adjusted
= 0.04), and the variance explained exclusively by mycorrhizal type was not significant
(F=0.74, P=0.80). The RDA was significant (F=15.23, £< 0.001, Fig. 2B) with the
first two axes being significant as well (first axis: F=45.63, < 0.001; second axis: F
=44.06, P< 0.001). Metabolite profiles did not differ significantly between monocultures
and mixtures (F=0.52, P=0.86), but differed significantly between tree species (F=
18.60, P< 0.001) and mycorrhizal types (F= 7.43, £< 0.001). Subsequently, pRDA was
conducted to partial out the effect of tree species identity. The pRDA was not significant
(F=0.67, P=0.92, Appendix A: Fig. A.2). The first two axes of the pRDA showed no
significant differences between the metabolite profiles of the treatments (F3 94 = 0.01, P=
0.71). However, metabolite profiles tended to differ between monocultures and mixtures.
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Relations between plant metabolites and leaf damage

(A)

Residuals = 0.38

Tree species
richness

Correlations between plant metabolite groups and leaf damage depended on the metabolite
group, feeding type, and mycorrhizal type (Appendix A: Table A.3). Benzyl alcohol
derivative concentrations were significantly negatively related to herbivore mining (5= -
0.05, SE = 0.02) and rust infestation rates (8= - 0.06, SE = 0.02) in AMcommunities. They
were further significantly negatively related to rust infestation rates (8= - 0.07, SE = 0.02)
in communities with both mycorrhizal types. Phenolic acid concentrations were significantly
negatively related to total herbivory and herbivore mining rates (8= - 0.06, SE = 0.02 and
B=-0.02, SE = 0.01, respectively), whereas they were significantly positively related with
rust infestation rates (8= 0.02, SE = 0.01) in AM tree communities.

In general, differences between proportions of variation explained by both metabolite group
and the random factors (tree species identity and richness) and that explained by metabolite
group only were lower in EM compared to AM communities (Appendix A: Table A.3).
Similarly, differences were lower in regressions with phenolic acid concentrations and
higher in regressions with flavone glucoside concentrations.

Mycorrhizal ® F=1523
type P <0.001
1.0 .,
0.5 A
N
<
a 4 R
4
- :
0.0 dhati- -
o “ Ld
-0.5
Tree species
identity 0.5 0.0 0.5
RDA 1

Fig. 2. Results of the multivariate analyses of leaf metabolite profiles as affected by tree species
identity and richness as well as mycorrhizal type.

(A) Venn diagram depicting variation portioning in metabolite concentrations among the
three predictor variables and shared variation. (B) Ordination biplot of the redundancy
analysis illustrating the relationship between metabolite profiles and tree species richness
and mycorrhizal type (as composite variable). mono: monoculture, mix: mixture, AM:
arbuscular mycorrhiza, EM: ectomycorrhiza, both: both mycorrhizal types.

SEM analysis of the effects of tree species richness and mycorrhizal type on leaf damage

We developed our final structural equation model by fitting eight models in total and
removing the least important non-significant path in a stepwise approach (final model: X2
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=26.56, df = 17, P=0.06; CFI = 0.94, RMSEA = 0.07; CAIC = 305.44; see Appendix A:
Table A.4 for results on each path).

The model revealed that 15% and 16% of the variation in herbivory and pathogen infestation
rates were explained by the predicting variables, respectively (Fig. 3B). The rates were

not significantly correlated with each other. None of the rates were significantly related to
metabolite profiles. Pathogen infestation rates were explained by C and N concentration,
whereas herbivory rates were not explained by element concentrations. Pathogen infestation
rates were negatively affected by leaf C (path coefficient: —0.31) as well as by leaf N (path
coefficient: —0.37) concentration.

Tree species richness had only an impact on metabolite profiles (path coefficient second
pRDA axis: 0.21). Both mycorrhizal types negatively affected the first pRDA axis of the
metabolite profiles (path coefficient AM dominance: —0.34, EM dominance: —-0.33). AM
dominance (AM plots and plots with both mycorrhizal types) increased herbivory rates
directly (path coefficient: 0.30). In contrast, pathogen infestation rates were only indirectly
increased by AM dominance via a decrease in leaf N (path coefficient product: —0.21 x
—0.37 = 0.08). EM dominance (EM plots and plots with both mycorrhizal types) did not
affect damage rates.

(A)
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 _—
: Ce among plants changes with changing /X~
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B ! s species/functional diversity with effects on the uptake of Ll - - -

— elemental concentration
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Tree species izal type
— tree aboveground biomass
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Tree species richness — metabolite
profile

Changing species diversity changes the need for plant defence | Y
due to i effects (Viola et al.,
2010)
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I
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Fig. 3. Predictions and results for the structural equation model (SEM) investigating the
underlying mechanisms of the relationship between tree species richness and mycorrhizal type
and herbivory and pathogen infestation rates.

(A) Potential relationships between considered variables and the underlying hypotheses
derived from previous studies. (B) The fitted model (SEM) including the two predictor
variables, leaf element concentrations, tree aboveground biomass, the first two axes of the
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RDA based on metabolite profiles as affected by tree species richness and mycorrhizal type
(with tree species identity partialled out) as well as herbivory and pathogen infestation rates
(N =107). Dark grey and black arrows represent significant relationships. Ochre-coloured
values next to the endogenous variables indicate the variance explained. Black values and
asterisks on the arrows indicate standardised path coefficients and significance, respectively:
* P<0.05, ** P<0.01, *** P< 0.001. Coefficient values are reflected by the thickness

of the arrow; solid arrows represent positive and dashed arrows negative coefficients. AMF:
arbuscular mycorrhizal fungi, EMF: ectomycorrhizal fungi.

Leaf elemental concentrations were not correlated with metabolite profiles, but they were
positively correlated with tree biomass (path coefficient P: 0.23, N: 0.26, C: 0.29). Among
the elements, leaf N and C (path coefficient: 0.27) as well as leaf P and C (path coefficient:
0.25) were positively correlated. Leaf P concentration neither affected herbivory nor
pathogen infestation rates. The two pRDA axes of the metabolite profiles were negatively
correlated (path coefficient: —0.53) but did not affect any of the rates.

Discussion

Overall, our study showed that tree species identity was most important in driving leaf
damage and chemical characteristics in tree saplings, especially in AM communities. Leaf
elemental concentrations (C and N) and the presence of AM were significant predictors of
leaf damage, whereas the concentrations of the assessed metabolites were not. Moreover,
herbivory and pathogen infestation were explained by distinct relationships. These results
indicate that aboveground multi-trophic interactions depend on belowground associations
of tree saplings with mycorrhiza and their related traits as well as their consequences for
nutrient uptake.

Effects of plant diversity on leaf damage

In contrast to the strong effects of tree species identity, the effects of tree species richness
on total herbivory and pathogen infestation were not significant, but showed trends towards
decreasing rates from monocultures to mixtures. Various underlying mechanisms have been
proposed to explain this pattern, such as an increase of natural enemies of antagonists
(Andow, 1991) and resource dilution (Castagneyrol et al., 2013; Hambéck, Inouye,
Andersson & Underwood, 2014). Further, an enhanced resource-use complementarity and,
thus, higher nutrient supply, that fosters synthesis of plant defence-related compounds,
(Kostenko et al., 2017) may be responsible for the pattern. The lack of significant effects in
our study might be explained by the short study duration. It may not have allowed for shifts
in the abundance of natural enemies of antagonists, or shifts in resource uptake strategies
among the tree species. Further, many parasitoids and predators are highly maobile, thereby
making such effects less likely at the spatial scale of the experiment.

Leaf damage differed between tree communities of different mycorrhizal types. Specifically,
the SEM showed that AM trees, i.e., in AM communities as well as in communities with
both mycorrhizal types, increased total herbivory rates. This suggests that tree species
associated with AM fungi share certain traits that facilitate attack by antagonists (Koele,
Dickie, Oleksyn, Richardson & Reich, 2012; Koricheva, Gange & Jones, 2009). As
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indicated by the colonisation rates of AM and EM, in the AM trees, other traits than the
degree of AM colonisation may have dominated the effects. Furthermore, we found that
pathogen infestation rates were not directly affected by any of the mycorrhizal types and
did not differ among tree species in EM communities. Thus pathogen-related traits seem to
be more uniform across species than in communities that are associated with AM or both
mycorrhizal types. In contrast to our expectation, tree communities with both mycorrhizal
types experienced an intermediate rate of total herbivory and pathogen infestation that was
in between that of AM and EM communities. We hypothesised that the effect of functionally
diverse tree communities, e.g., communities that associate with different mycorrhizal types
or occupy different ends of the leaf economics spectrum, adds to the complementarity

in resource uptake of a species-diverse community (Barry et al., 2019; Eisenhauer, 2012;
Wright et al., 2004). Such communities should therefore be better defended against
antagonists (Eisenhauer et al., 2019; Meyer et al., 2016) by benefiting from the situation
that interspecific competition is lower than intraspecific competition (Loreau & Hector
2001). However, our study indicates a pure additive effect, where the rate of leaf damage
reflects the mixture of mycorrhizal types in the community. Moreover, with increasing
mycorrhizal diversity, competitive relationships diverged between the two mycorrhizal types
in the community, as did leaf damage. For example, leaf damage increased in AM trees
and decreased in EM trees in communities with both mycorrhizal types (data not shown) as
compared to communities with only one. Indeed, the SEM underpins the different roles and
strategies of AM and EM trees in terms of resource supply.

Drivers of leaf damage

C concentration was positively correlated with N and P concentration, which was
unexpected as they are typically negatively or not correlated (Diaz et al., 2016; Bruelheide
et al., 2018). Reasons for this may be related to the particularly high soil nutrient
concentrations at the site (Ferlian et al., 2018b). Surprisingly, leaf elemental concentrations
were not correlated with the profiles of the assessed leaf metabolites, as indicated by the
SEM. Nutrients are commonly allocated to growth, defence, maintenance, reproduction, and
storage within a plant (Chapin, Schulze & Mooney, 1990; Feng et al., 2009). However,
investment in plant growth and defence are often suggested to be subject to a trade-off
(McKey, 1974, 1979). Theories suggest that the resource quality of a habitat determines
whether a plant invests predominantly into defence (lower antagonist infestation) or growth
(lower competition; Cipollini et al., 2018; Eichenberg, Purschke, Ristok, Wessjohann &
Bruelheide, 2015; Holopainen, Rikala, Kainulainen & Oksanen, 1995). Recent studies,
however, indicate that plant growth and defence are not necessarily alternative strategies
(Kempel, Schadler, Chrobock, Fischer & van Kleunen, 2011). In resource-rich habitats, such
as our study site (Ferlian et al., 2018b), trees may have allocated nutrients preferably to other
functions than chemical defence, such as growth. Therefore, plant nutrient status was mostly
decoupled from defence-related metabolite concentrations. A further potential explanation
could be that nutrients were allocated to secondary metabolites that were not measured in
this study, such as volatile organic compounds.

Variation within the metabolite groups and profiles was mainly driven by tree species
identity, whereas tree species richness and mycorrhizal type contributed similarly and only
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marginally after accounting for tree species. Metabolite profiles in monocultures generally
only tended to differ from that of mixtures. Presence and concentrations of metabolites

are highly species-specific representing defence strategies that species have evolved (Levin,
1976). In contrast, the high resource availability at the site may have decoupled metabolite
concentrations from sources of nutrient input, such as mycorrhizal types. The different
metabolite groups had mostly negative relationships with herbivory and pathogen infestation
rates but effects were overall small suggesting a minor role of the secondary metabolites
measured for leaf damage. The effects were even weaker for EM communities. Accordingly,
in the SEM, metabolite profiles were not correlated with leaf damage. As mentioned above,
due to the resource-rich habitat of the experimental site, herbivory and pathogen infestation
rates may have been driven by other plant characteristics than by the assessed chemical
defence compounds, especially in EM communities (Cornelissen, Aerts, Cerabolini, Werger
& van der Heijden, 2001). Especially for leaf damage by pathogens, such characteristics
may be related to nutrient status of the plant.

Surprisingly, the dominance of AM decreased leaf N status. This was unexpected as AM
trees are typically characterised by a lower C-to-N ratio compared to EM trees (Lin,
McCormack, Ma & Guo, 2017; Plett & Martin 2011; van der Heijden et al., 2015). Again,
this may be attributed to the unique nutrient dynamics at the site and the young age of the
trees presumably leading to weak or even detrimental interactions between the tree host

and its symbiotic partner (Johnson, Graham & Smith, 1997). Leaf N concentrations, further,
negatively affected pathogen infestation rates. This points to higher attraction of pathogens
by AM trees due to additional relevant mechanisms driving pathogen infestation that involve
N input but neither increased plant defence (at least not via the metabolites assessed in this
study) nor leaf quality (Rabin & Pacovsky 1985). In contrast, the dominance of AM trees
positively affected herbivory rates in a direct way suggesting that the effects on herbivory
are mediated by other mechanisms than nutrient inputs all well. Such mechanisms may

be related to enhanced water uptake, certain morphological traits, or antagonist-associated
drivers. Path coefficients within the SEM suggest these positive direct effects to be much
stronger than the positive effects through leaf N status (0.30 vs. 0.08).

Overall, the effects of AM dominance on the two antagonist groups were positive, whereas
EM dominance did not determine them. This suggests that tree species associated with
different mycorrhizal types may have evolved different functional characteristics that, to

a different extent, influence insect herbivores and pathogens (Connell & Lowman 1989;
Gehring, Cobb & Whitham, 1997).

Mechanisms in herbivory vs. pathogen infestation

Our investigated variables and relationships explained a similar part of the variation in
herbivory and pathogen infestation rates (15% and 16%, respectively). However, they were
affected by different drivers (AM dominance and element concentrations, respectively),
suggesting that underlying mechanisms of tree leaf damage by antagonists differ between
insect herbivores and pathogens.

The SEM revealed that specific leaf elements determine pathogen infestation, whereas
AM dominance and, thus, AM tree-associated characteristics determine herbivory (see
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above). Pathogen infestation was decreased by leaf N and C. The diverse relationships
between leaf elemental concentrations and damage include a range of mechanisms, such

as effects of chemical defences (that were not part of our set of assessed metabolites),

and physical defences. Insect herbivores and pathogens substantially differ in characteristics
like dietary needs, mobility, specialisation, enemy taxa, specificity to defence compounds,
and susceptibility to physical barriers (Barrett & Heil 2012; Schuldt et al., 2017; Thaler,
Agrawal & Halitschke, 2010). Thus, it is not surprising that they react differently to shifts in
elemental concentrations.

Phenolic acid concentrations were negatively correlated with total herbivory and herbivore
mining rates and positively correlated with rust infestation rates in AM communities,
suggesting that here again opposing processes may have contributed to the relationships
between phenolic acids and each total damage rate. However, most studies report negative
relationships pointing to the important role of phenolic acids in constitutive and induced
defence against herbivore and pathogens (Summers & Felton 1994).

Our study further showed no correlation between herbivory and pathogen infestation rates,
which contrasts with previous studies (Schuldt et al., 2017; Stout, Thaler & Thomma, 2006).
A multitude of studies has reported antagonistic as well as facilitative relationships between
the two (Biere & Bennett 2013; Fernandez—Conradi, Jactel, Robin, Tack & Castagneyrol,
2018; Schuldt et al., 2017). The strength of relationships between the two in trees also
depends on the context, such as plant diversity and the dominating feeding guilds amongst
the antagonist groups, with the latter being a potential explanation in our study (Schuldt
etal., 2017; Stout et al., 2006). Moreover, the signalling pathways of anti-herbivore and
anti-pathogen defences can interact antagonistically leading to opposing damage patterns in
both groups (Pieterse, Schaller, Mauch-Mani & Conrath, 2006).

Conclusions

We identified drivers of herbivory and pathogen infestation across tree monocultures and
mixtures with different mycorrhizal associations. Including mycorrhizal type revealed a
comparably minor role of tree species richness and functional richness in driving antagonist
leaf damage in saplings, with tree species identity and AM dominance explaining most of
the variation in herbivory and pathogen infestation rates. However, it has to be taken into
consideration that the effects of mycorrhizal type are an interplay of the identity of the
symbiotic partner and specific associated plant characteristics, mostly plant economics traits,
that may co-determine and even contradict or countermand each other. Our study gives

a first mechanistic insight into how those functionally distinct associations affect damage
by herbivores and pathogens. However, our study also showed that species identity is a
determinant of leaf damage by antagonists in tree saplings that have co-evolved with the
multitude of plant strategies. Those effects cannot be attributed to a single process based

on common ecological theories, but instead depend on a complex interplay of mechanisms.
They involve host- as well as antagonist-associated processes that relate to the multifaceted
characteristics of plant diversity. Furthermore, our study points to the importance of

other mechanisms that are mediated via elemental concentrations, other than shifts in the
measured defence-related metabolites. We speculate that shifts in physical defence and
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traits related to AM per se play a more crucial role in this regard than expected before.
Furthermore, volatile organic compounds, that were not assessed in this study, may be more
important in this context than the set of secondary metabolites measured. However, our
study also showed relationships between the measured variables to be opposed to the ones
commonly found. This may trigger a multitude of potential follow-up studies addressing
such relationships in the light of different contexts. Our study further reveals how distinct the
drivers of herbivory vs. pathogen infestation are in tree saplings with different mycorrhizal
associations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Summary of linear mixed effects analyses on total herbivory and pathogen infestation rates as affected

Table 1

Page 21

by tree species identity, and respective means (x SD). Analyses were conducted separately for arbuscular
mycorrhizal (AM) communities (df = 4), ectomycorrhizal (EM) communities (df = 4), and communities with

both mycorrhizal types (df = 9). Significant effects (P < 0.05) are given in bold. Letters indicate pairwise
differences according to Tukey’s Honestly Significant Difference (HSD) test.

Herbivory Pathogen infestation

x> P Mean + SD x> P Mean + SD
AM 56.27 <0.001 27.45 <0.001
A. pseudoplatanus 47.51 +£10.102 68.35 + 18.922
A. hippocastanum 79.68 +5.33° 16.35 + 10.03"
F. excelsior 2251 +7.44° 60.01 + 14.912
P avium 50.57 £ 16.432 7751 +14.832
S. aucuparia 13.63 £5.42¢ 51.13 + 20.082
EM 25.99 <0.001 7.52 0.11
B. pendula 31.81+7.67% 30.76 +10.78
C. betulus 16.40 + 12.23% 48.35 + 25.26
F. sylvatica 10.85 + 6.48° 37.79+7.73
Q. petraea 42.96 + 13.70° 50.58 + 24.61
T. platyphyllos 4751 +22.36P 59.46 + 22.68
Both 40.42 <0.001 315 <0.001

A. pseudoplatanus
A. hippocastanum
F. excelsior

P avium

S. aucuparia

B. pendula

C. betulus

F. sylvatica

Q. petraea

T. platyphyllos

31.10 + 25.1230¢
60.01 + 26.95°
28.01 + 9.0120¢
40.68 + 16.57°
12.01 + 6.922b
31.35 + 7.318¢
11.10 + 5.26%
9.18 +5.70
29.80 + 13.8920¢
50.68 + 21.66°

59.12 + 18.472
31.68 + 27.562
36.01 + 13.83%
71.35+12.83b
66.68 + 7.46%
32.01 + 11.46%
50.92 + 29.73%
25.01£12.912
57.65 +9.12%
4135 +12.16%
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Table 2

Page 22

Summary of linear mixed effects analyses of regressions between leaf carbon and nitrogen concentrations
and total and feeding type-specific herbivory and pathogen infestation rates (fixed factor). Analyses were
conducted separately for arbuscular mycorrhizal (AM) communities, ectomycorrhizal (EM) communities, and

communities with both mycorrhizal types. Estimates () represent the change. Marginal (only fixed effects, R?
m) and conditional (fixed and random effects, R? ;) R2-values are given. Significant effects are given in bold (P

<0.05; df = 1).
AM EM Both
'B SE xZ RZ m RZC p SE XZ RZ m RZC ﬁ SE x2 RZ m RZC
Total -1.90 12.07 0.01 < 087 6.62 10.87 0.30 0.01 0.60 550 1389 0.15 001 0.54
herbivory 0.01
Leaf C
Chewer 4368 3156 0.99 0.06 082 -1052 1816 0.30 0.01 047 7.96 33.49 < < 034
0.01 0.01
Hole- -58.20 43.27 215 0.10 0.34 -10.87 30.90 0.20 < 004 -6.02 2618 0.06 < <
feeder 0.01 0.01  0.01
Miner 1178 4795 0.14 < 0.80 17.26 30.21 0.09 0.01 0.46 534 4312 0.07 < 053
0.01 0.01
Total -18.50 1854 122 0.06 059 -2595 815 895 027 027 -338 1224 014 < 040
pathogens 0.01
Rust -58.42 38.82 248 010 0.73 -2054 843 5.07 0.18 0.18 -457 3221 0.04 < 052
0.01
Mildew -4.73 4274 0.03 < 049 -986 26.33 0.20 < 0.63 440 3382 0.02 < 079
0.01 0.01 0.01
Total 068 209 0.14 < 085 464 346 1.86 0.03 058 206 276 0.62 001  0.49
herbivory 0.01
Leaf N
Chewer -541 583 1.00 0.02 0.65 518 625 0.75 0.02 040 1029 728 210 0.05 0.30
Hole- -12.07 1027 151 0.05 0.32 6.78 1253 0.31 0.01 0.01 464 740 041 0.01  0.01
feeder
Miner 1825 823 4.14 0.07 0.79 10.06 10.27 0.98 0.03 0.38 398 857 026 < 051
0.01
Total -7.18 346 437 0.10 0.61 -1069 348 8.67 025 034 -297 260 139 0.03 0.36
pathogens
Rust -12.83  7.07 343 0.06 0.72 -1040 331 8.76 025 042 -148 6.46 0.06 < 051
0.01
Mildew -513 876 0.13 001 051 -371 850 0.21 < 063 -019 584 < < 078
0.01 0.01 0.01
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