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Plant species richness promotes the decoupling of leaf and root
defence traits while species-specific responses in physical and
chemical defences are rare

Leonardo Bassi'* (%), Justus Hennecke!? (), Cynthia Albracht®*® (), Marcel Dominik Solbach® (%), Akanksha Rai’,

Yuri Pinheiro Alves de Souza®® (), Aaron Fox’"'° (1), Ming Zengz’ll’12 , Stefanie DslI*!! (%),
Van Cong Doan®'"13 (), Ronny Richter™* (%), Anja Kahl!' (%), Lea Von Sivers' (%), Luise Winkler! (%),

2,14 2,11,16

and Alexandra Weigelt'?

'Systematic Botany and Functional Biodiversity, Institute of Biology, Leipzig University, Leipzig, 04103, Germany; *German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-

Nico Eisenhauer , Sebastian T. Meyer15 , Nicole M. van Dam
Leipzig, Leipzig, 04103, Germany; 3Department of Soil Ecology, Helmholtz Centre for Environmental Research — UFZ, Halle, 06120, Germany; “4Swammerdam Institute for Life Sciences,
University of Amsterdam, Amsterdam, 1098XH, The Netherlands; *Institute for Biosafety in Plant Biotechnology, Julius Kiihn-Institute, Quedlinburg, 06484, Germany; Terrestrial
Ecology Group, Institute of Zoology, University of Cologne, Cologne, 50674, Germany; ’Department of Biogeochemical Processes, Max Planck Institute for Biogeochemistry, Jena,
0774526, Germany; 8Research Unit Comparative Microbiome Analysis, Helmholtz Zentrum Miinchen, Neuherberg, 85764, Germany; “TUM School of Life Science, Chair of
Environmental Microbiology, Technische Universitit Miinchen, Freising, 85354, Germany; 1%Environment, Soils and Land Use, Teagasc, Johnstown Castle, Co, Wexford, Y35HK54,
Ireland; 'Institute of Biodiversity, University Jena, Jena, 07743, Germany; 2Université de Bordeaux, INRAE, BFP, UMR 1332, Villenave d’Ornon, 33140, France; '*Plant

Physiology Unit, Life Sciences and Systems Biology Department, University of Turin, Torino, 10123, Italy; l“E)q:vﬁlrimemal Interaction Ecology, Institute of Biology, Leipzig

University, Leipzig, 04103, Germany; Terrestrial Ecology Research Group, School of Life Sciences, Technical University Munich, Freising, D-85354, Germany; 167 eibniz

Institute of Vegetable and Ornamental Crops (IGZ), GroBibeeren, 14979, Germany

Summary

Author for correspondence:
Leonardo Bassi
Email: leonardo.bassi@uni-leipzig.de

¢ The increased positive impact of plant diversity on ecosystem functioning is often attributed
to the accumulation of mutualists and dilution of antagonists in diverse plant communities.
While increased plant diversity alters traits related to resource acquisition, it remains unclear
whether it reduces defence allocation, whether this reduction differs between roots and
leaves, or varies among species.

¢ To answer these questions, we assessed the effect of plant species richness, plant species
identity and their interaction on the expression of 23 physical and chemical leaf and fine root
defence traits of 16 plant species in a 19-yr-old biodiversity experiment.

e Only leaf mass per area, leaf and root dry matter content and root nitrogen, traits asso-
ciated with both, resource acquisition and defence, responded consistently to species richness.
However, species richness promoted a decoupling of these defences in leaves and fine roots,
possibly in response to resource limitations in diverse communities. Species-specific responses
were rare and related to chemical defence and mutualist collaboration, likely responding to
species-specific antagonists’ dilution and mutualists’ accumulation.

e Overall, our study suggests that resource limitation in diverse communities might mediate
the relationship between plant defence traits and antagonist dilution.
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importance of biodiversity than previously presumed from

Introduction shorter-term studies (Eisenhauer ez 4/, 2019). Over the past dec-

Biodiversity is vital for the functioning of an ecosystem and its
services to humanity (Cardinale er 4/, 2012; Tilman ez al., 2014;
Isbell er al, 2017). Researchers have demonstrated a strong
increase over time in the positive relationship between
biodiversity and ecosystem functioning (BEF), both in forests
(Guerrero-Ramirez ez al., 2017; Huang ez al., 2018) and in grass-
lands (Cardinale ez al., 2007; Reich et al., 2012; Ravenek et al.,
2014; Meyer er al., 2016; Wagg er al., 2022), suggesting greater
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ade, we have accumulated evidence that multitrophic interac-
tions, particularly plant—soil feedback, are important drivers of
the strengthening biodiversity-functioning relationships over
time (Kulmatiski et 2/, 2012; Eisenhauer et al., 2012b; van der
Putten et al., 2013; Thakur et al, 2021). The two most likely
mechanisms through which biotic interactions influence BEF
relationships are the dilution of antagonists (Maron ez al., 2011;
Schnitzer et al., 2011; Wang ez al., 2023; Mahon et al., 2024)
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and the accumulation of plant mutualists (van der Heijden
et al., 1998) with increasing diversity. However, it is still
unknown whether changes in antagonists and mutualists impose
differing selective pressures on plants along diversity gradients
(Stamp, 2003) and allow plants to reduce resource allocation to
defence to promote growth in more diverse communities. Using
a trait-based approach, we aim to test how plant defences change
in response to the dilution of antagonists and the accumulation
of mutualists along a long-term plant diversity gradient in experi-
mental grasslands.

Despite the consensus that the negative effects of below- and
aboveground antagonists decrease, while the positive effects of
mutualists increase along diversity gradients, studies reveal incon-
sistencies (Halliday & Rohr, 2019). For example, while the dilu-
tion of antagonists appears to affect primarily specialists
(Mommer ez al., 2018; Wang ez al., 2023), possibly due to host
dilution, (resource concentration hypothesis; Root, 1973; Civi-
tello et al., 2015), generalists may benefit from increased plant
diversity through expanded feeding opportunities (Keesing
et al., 2006). Nonetheless, several studies have consistently shown
that antagonist pressure decreases regardless of specialisation.
This was shown for soil antagonists, such as soil-borne fungal
pathogens (Mills & Bever, 1998; Yang er al, 2015; Wang
et al., 2019), root-feeding nematodes (Cortois ¢t al., 2017; Die-
trich ez al., 2021) and arthropods (Amyntas ez al., 2025), as well
as for aboveground antagonists, such as arthropods and patho-
gens (Mitchell ez al, 2002; Rottstock er al, 2014; Muiruri
et al., 2019; Strauss ez al., 2024). This effect may be attributed to
enhanced top-down predator control on herbivores, which can
impact both generalists and specialists (Barnes er al, 2020;
Amyntas et al., 2025). Similarly, the positive effect of mutualists,
such as mycorrhizal fungi, biocontrol bacteria and decomposers,
seems independent of specialisation (van der Heijden
et al., 1998; Latz et al., 2012; Eisenhauer et al., 2012a). Overall,
these findings suggest that antagonistic pressure on plants
decreases, while support from mutualists increases with plant
diversity.

Studies further suggest that this dilution of antagonists and
accumulation of mutualists along plant diversity gradients may
intensify over time (Eisenhauer et 4/, 2019). However, recent
research found limited support for such temporal changes for
belowground antagonists (Amyntas e /., 2025) and mutualists
(Albracht er al., 2024). This implies that initial shifts in soil com-
munities in response to plant diversity may stabilise relatively
quickly (Eisenhauer ez al, 2012b), maintaining belowground
antagonist pressure relatively constant over the years. On the con-
trary, Brocher er al. (2024) found that the relationship between
aboveground herbivores and plant diversity is highly variable over
time, suggesting that aboveground antagonists may be more sus-
ceptible to seasonal and interannual biotic and abiotic fluctua-
tions than belowground antagonists (De Deyn & Van der
Putten, 2005). These fluctuations may lead to periodic die-offs of
aboveground antagonists, potentially hampering their dilution
and thus selection pressure in diverse plant communities.
Furthermore, aboveground antagonists generally exert milder
pressure on plants than belowground antagonists (Johnson
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et al., 2016b). Thus, belowground antagonists may be a stronger
and more constant driver of plant productivity than
aboveground ones.

Given that differing selection pressures along plant diversity
gradients are known to promote changes in plant phenotypes and
genotypes over time (Miehe-Steier er al, 2015; van Moorsel
et al., 2018, 2019), changes in antagonists and mutualists along
plant diversity gradients likely lead to changes in plant resource
allocation to defence. Based on the assumption that there may be
trade-offs between growth and defence (Stamp, 2003; Lind
et al., 2013; Cappelli et al., 2020; Zaret et al., 2024) and that
growth is closely related to plant fitness, a dilution of antagonists
and an accumulation of mutualists in more diverse plant commu-
nities would reduce the need for investment into defence
(Fig. 1a). Considering that Bassi er /. (2024) identified a stron-
ger influence of belowground mechanisms on long-term mono-
culture plant performance, we also postulate that the effect of
plant diversity on root defences may be stronger than on leaves
(Fig. 1b). Furthermore, while Mraja er al (2011) observed a
reduction in some leaf chemical defences along a plant diversity
gradient for Plantago lanceolata L., it remains unclear whether
this phenomenon can be generalised across multiple species
(Fig. 1¢).

Plant defence traits, that is functional traits that promote plant
fitness in the presence of antagonists relative to the absence of
antagonists (Didiano er al., 2014), are often divided into physical
and chemical defences (Table 1; Moore & Johnson, 2017). Phy-
sical defences are those that deter herbivores from feeding on
plant dssues through morphological or anatomical traits (Hanley
et al., 2007), while chemical defences encompass traits related to
the tssue’s nutritional quality (Mattson, 1980; Poorter
et al., 2004) and defensive phytochemicals (Raguso ez 4/, 2015).
Another strategy to counteract antagonists is collaboration with
mutualists. Along the recently defined ‘root economics space’
(Bergmann ez al., 2020), this is captured by the ‘collaboration
gradient’, represented by a trade-off between specific root length
(SRL) and root diameter (RD), which is related to the root colo-
nisation by mycorrhizal fungi. Despite mycorrhizal fungi enhan-
cing plant physical defence by limiting antagonist access to roots
through competition for space and resources (Rasmann
et al., 2011), they may also promote plant chemical defences by
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Fig. 1 Graphical illustration of the hypothesised reduction in defence traits
along the plant diversity gradient (a), a stronger response of fine root
compared with leaf defence traits (b) and species-specific responses of
three hypothetical species (1, 2 and 3) (c).
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Table 1 Leaf and fine root defence traits examined in this study.

Research

K.

Tissue Traits Defence correlation Defence type Defence mechanisms References
Leaf Water repellency + Physical defences  Surface barrier: reduced  Hanley et al. (2007), Gorb & Gorb (2017)
Hair density + attachment and
mobility of antagonists
Toughness + Mechanical strength Poorter et al. (2004), Hanley et al. (2007),
LMA + Johnson et al. (2010), Loranger
etal. (2012), Schuldt et al. (2012), Caldwell
Leaf/fine root  DMC + etal. (2016), Moore & Johnson (2017),
Brocher et al. (2023)
SRL
Fine root Diameter + Protection through Rasmann et al. (2011), Jung et al. (2012),
MC + AMF (root Cameron et al. (2013), Cortois et al. (2016),
collaboration gradient) Johnson et al. (2016a), Bergmann
et al. (2020), Frew et al. (2022)
Leaf / fine root  Nitrogen - Chemical defences Palatability: the Mattson (1980), Poorter et al. (2004)
nutritional quality of
the tissue
Alkaloids + Toxicity; Inducing or Hol et al. (2004), Steppuhn et al. (2004),
priming plant Alves et al. (2007), Nuringtyas et al. (2014),
resistance or tolerance Dugé de Bernonville et al. (2017)
Terpenoids + against plant Marak et al. (2002), Nakashita et al. (2003),
antagonists (pathogens Zhang et al. (2015), Zahid et al. (2017),
and insects) Lackus et al. (2018), Murata et al. (2019)
Shikimates + Alonso et al. (2009), Koskimaki et al. (2009),

Holscher et al. (2014), Prasannalaxmi &
Rani (2016), Olivier et al. (2018), Lea
etal. (2021), Grover et al. (2022), Zhang
etal. (2022), Yang et al. (2023)

The table reports the tissues (leaf or fine root), the traits and the defence correlation (i.e. the expected positive or negative correlation between trait and
defence). As we hypothesise defence to be negatively correlated with diversity, the hypothesised trait-diversity relationships are exactly reversed. The table
further reports the classification in defence type (physical or chemical), the corresponding defence mechanisms and relevant references. For ‘Alkaloids’,
'Terpenoids', and ‘Shikimates and phenylpropanoids’, we refer to the chemical compounds within those chemical pathways (detailed in Table S2). It is
important to note that this table is based on studies using targeted metabolome quantification of one group of compounds within those pathways, while
our study employs a broader untargeted metabolomic approach to assess phytochemical richness or the sum of range-scaled feature intensity within these
pathways. DMC, dry matter content; LMA, leaf mass per area; MC, mycorrhizal colonisation; Shikimates, Shikimates and phenylpropanoid; SRL, specific

root length. Part of this table is derived from Bassi et al. (2024).

"While we have classified mycorrhizal colonisation as a physical defence, we acknowledge that mycorrhizas may also promote plant chemical defences

through priming.

inducing the production of defensive metabolites
et al., 2012; Cameron et al., 2013; Frew et al., 2022).
Plant defence traits provide a framework that enables us to inves-

(Jung

tigate how plant resource allocation to defence changes along plant
diversity gradients. Similarly, functional traits, related to collabora-
tion with mutualists, enable us to investigate plant investment in
mutualistic interactions. For instance, some leaf and root traits
related to physical and chemical defences, such as leaf mass per area
(LMA), leaf toughness, nitrogen and phenolics content, and meta-
bolome, as well as traits related to collaboration with mutualists,
such as SRL, have been shown to change along plant diversity gra-
dients (Scherling ez al, 2010; Mraja er al, 2011; Ristok
et al., 2019; Peng & Chen, 2021; Weinhold ez al., 2022; Felix
et al, 2023). Although several of these traits are also related to
resource acquisition (Weigelt ez al, 2021), their changes often
affect plant—antagonist and plant—mutualist interactions (Muiruri
et al, 2019; de Vries et al, 2021; Brocher et al, 2023; Ristok
et al., 2023b). However, plant species frequently deploy different
types of defences: While grasses are often defended through

© 2025 The Author(s).
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physical defences, forbs are more commonly defended through
chemical defences (Eichenberg er al, 2015; Bassi ez al, 2024).
Furthermore, plant-antagonist interactions are also affected by
associational effects, where the herbivory rate experienced by a focal
plant species depends on the characteristics, such as defence traits,
of the surrounding plant community and herbivores’ feeding pre-
ferences, leading to either associational susceptibility or resistance
(Barbosa et al., 2009; Underwood ez al.,, 2014). For example, the
‘neighbour contrast susceptibility and defence’ hypothesis (Alm
Bergvall ez al, 2006) suggests that if a focal plant species is better
defended than the surrounding plant community, it will experience
lower herbivory compared with when it grows among plants that
are better defended than itself. Indeed, changes in herbivory rates
along plant diversity gradients have been shown to differ between
plant species in magnitude and direction (Brocher e al, 2023). It
is thus reasonable to hypothesise that changes in defences along
plant diversity gradients are species-specific (Fig. 1c). Indeed,
despite consistent trait—diversity relationships among plant species
(Roscher ez al, 2018), species-specific responses have also been
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observed (Gubsch er al, 2011; Roscher er al, 2011b; Lipowsky
et al., 2015).

In this study, we measured for the first time a comprehensive
set of physical and chemical defence traits in leaves and fine roots
(summarised in Table 1) of 16 grassland plant species growing
along a 19-yr-old plant species richness gradient in the Jena
Experiment (Roscher e al, 2004). We hypothesised that the
observed dilution of antagonists and accumulation of mutualists
along plant species richness gradients would trigger:

(1) areduction in plant defence traits (Fig. 1a);

(2) a more pronounced defence reduction in fine roots compared
with leaves (Fig. 1b); and

(3) species-specific defence responses (Fig. 1¢).

Materials and Methods

Study site and experimental design

The investigation took place within the Jena Experiment, a grass-
land biodiversity experiment initiated in 2002 (Roscher
et al., 2004). The Experiment is situated in the floodplain of the
Saale River near Jena, Germany (latitude: 50.95, longitude:
11.62, altitude: 130 m above sea level), a region with a mean
annual air temperature of 9.9°C and annual precipitation of
660 mm (Hoffmann ez al., 2014). The experimental site had for-
merly been an arable field for 40 yr. The experiment consists of
80 experimental plant communities representative of the Arrhe-
natherion mesophilic grassland (Ellenberg, 1988), with varying
species and functional richness. The six species richness (SR)
levels, 1, 2, 4, 8, 16 and 60, are nearly orthogonally crossed with
the four functional richness levels consisting of grasses, legumes,
small herbs and tall herbs (Roscher et 4/, 2004). Each SR level
had 16 replicates (except for the monocultures with 14 and the
60-species mixtures with 4 replicates). Species compositions were
randomly determined. In addition, monocultures of all 60 species
were established. Plots are arranged in four blocks to account for
variations in soil texture caused by distances to the river. Plots
were mown twice a year in June and September, following the
typical extensive meadow management of the region, and were
not fertilised during the experimental period. Weeding occurred
at least twice per growing season. Additional details on the
experiment are reported in Roscher ez a/. (2004).

Field sampling of leaf and fine root samples

Sixteen species (Table S1), four of each functional group, were
selected and harvested at peak biomass from 17 to 31 May 2021
in all plots where they were present (totalling 128 species per plot
combinations). Due to the randomness of species selection in the
experimental design and the local extinction of certain species in
specific plots, not all species were uniformly represented across
the diversity gradient. In addition, the number of sampled species
per plot combination varied depending on the species (refer to
Table S1 for detailed species occurrences).

In each plot, we sampled above- and belowground parts of three
individuals per species. An additonal one or two individuals were
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www.newphytologist.com

New
Phytologist

harvested for small species to collect enough leaf and fine root
material for chemical analyses. The 428 sampled individuals were
randomly selected and marked in early spring, avoiding plot edges.
The aboveground plant part was harvested by cutting the stem
1-2 cm above the ground and placed in a sealed plastic bag along
with a wet paper towel to rehydrate the leaves to their full potential
(Pérez-Harguindeguy et al, 2013). We sampled the roots of the
same individuals by extracting a soil core with a depth of 10 cm
and a diameter of 6.9 cm. All collected samples were quickly put
into a cooling box and transferred to a 4°C refrigerator within 6 h.
Samples were processed from 6 to 26 h after sample collection.
Subsamples for the metabolome analysis were always collected

within 14 h after field collection.

Leaf sample preparation and morphological trait
measurements

All leaf morphological and chemical trait measurements were per-
formed on fully expanded, undamaged and nonsenescent leaves
excluding petioles and rachis. The leaves of each individual were
divided into three subsamples according to their position (inter-
node). For grasses without flowering stems, this was not possible,
and random leaves were taken instead. One subsample compris-
ing one or three leaves or leaflets (depending on leaf size) col-
lected from the second or third internode from the top was
frozen in liquid nitrogen and stored at —80°C to be used for the
untargeted metabolome analysis. A second subsample consisting
of one to five leaves (depending on leaf size) from the third to the
fifth internode from the top was used for morphological trait
measurements. The third subsample consisted of all the remain-
ing leaves, pooled at the species per plot level, was frozen in
liquid nitrogen and stored at —80°C for nitrogen quantification.

Leaf morphological traits were measured at the individual level
and then averaged at the species per plot level. Leaves were first
weighed and scanned with a flatbed Epson Expression 11000XL
scanner at 600 DPI (Epson, Tokyo, Japan). After the scan, one
leaf per individual was used for water repellency (WR; deg.), hair
density (no. of hairs mm %) and toughness (N mm™'; the ratio
of maximum shearing force to thickness) measurements (Pérez-
Harguindeguy et al, 2013). Leaf images for determining WR
and hair density were analysed in IMAGE] (v.1.53a; Schneider
et al., 2012). During the storing or handling process, five samples
were damaged, resulting in missing WR measurements for those
samples. Leaves were weighed after being oven-dried at 70°C for
72 h. We determined LMA (g m?) as the ratio of dry weight to
leaf area and leaf dry matter content (LDMC; g gfl) as the ratio
of dry to fresh weight (Pérez-Harguindeguy ez al., 2013). Further
details on the leaf morphological trait measurements are reported
in Methods S1.

Fine root sample preparation, morphological trait and
mycorrhizal colonisation measurements

Before proceeding with the root washing, soil cores were soaked
in cold water for 15 min. Roots were washed carefully inside a
water-filled bucket to prevent root damage. We repeatedly

© 2025 The Author(s).
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refreshed the water by filtering out soil debris until all roots were
free from soil. We collected only roots attached to the stem of the
target individual and discarded all the rest. For further analyses,
we retained all fine roots with a diameter lower than 2 mm. A
random subsample of the fine roots of each individual was col-
lected, frozen in liquid nitrogen and stored at —80°C to be used
for the untargeted metabolome analysis. The remaining fine roots
of each individual were pooled at the species per plot level. From
this bulked sample, we extracted a random subsample for mor-
phological trait measurements and a random subsample for the
estimation of mycorrhizal colonisation (MC). All remaining fine
roots were frozen in liquid nitrogen and stored at —80°C to be
used for nitrogen quantification.

To assess fine root morphological traits, the bulked subsample
was scanned with a flatbed scanner at 600 DPI (Expression
11000XL; Epson, Diisseldorf, Germany) and weighed after being
carefully dried with a paper towel. Fine roots were then
freeze-dried to estimate the dry weight. We retrieved mean RD
(mm) and root length from the scans using RHIZOVISION (v.20.0.3;
Seethepalli ez al, 2021). We estimated SRL (m gfl) as the ratio of
root length to root dry weight and root dry matter content
(RDMC; g g ") as the ratio of dry to fresh weight (Freschet
et al., 2021). Four SRL, three RDMC and three RD observations
were excluded due to contamination of roots from other species,
the inclusion of roots with a diameter larger than 2 mm, loss of
sample material before the dry weight measures, or missing scan.

We measured the MC rate (%) using the method developed
by Trouvelot er al. (1986). Fine roots were first rinsed in water
and destained by incubation in a 10% KOH solution at 95°C for
10 min. We stained the roots with an acidic ink solution (5%
acetic acid and 5% Pelican blue ink). We removed the excess by
rinsing them in water and incubating them twice at 75°C in a
20% acetic acid solution. Roots were mounted on microscope
slides for analysis with a digital microscope (Keyence VHX,
Osaka, Japan) to collect at least nine images per sample at 200X
magnification. The images were used to estimate the MC rate in
six cover classes as described in Trouvelot et 2l (1986). Cover
classes were converted to percentages and all replicates averaged
to the plot level. For some samples, the destaining procedure did
not work properly. This resulted in 21 missing data points: four
for Arrbenaterum elatius L., Geranium pratense L. and Vicia cracca
L.; three for Lotus corniculatus L.; two for Galium mollugo L. and
Taraxacum officinale L.; and one for Medicago X varia Martyn
and Plantago media L.

Nitrogen measurements

We estimated leaf and root relative nitrogen content (N; % of dry
weight) by combining two methods to reduce laboratory workload
and costs. For 59% of the samples, we used 10 mg of milled mate-
rial and an elemental analyser (VarioEL II, Elementar, Hanau,
Germany). For the remaining 41% of the samples, we predicted
nitrogen content with a bootstrapped CARS-PLSR model (Richter
& Bassi, 2023) using near-infrared spectral data collected with a
Multi-Purpose FT-NIR-Analyzer (MPA, Bruker Corp., Billerica,
MA, USA). The model was calibrated with spectral data from this

© 2025 The Author(s).
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experiment and published data (Bassi ez al, 2023) and achieved
excellent prediction accuracy in internal model validation
(R =98%, RMSE = 0.16%, RPD = 7.44). Details of the mea-

surements are given in the Methods S2.

Untargeted metabolomics analyses

The untargeted metabolome analysis was performed on nonvola-
tile, polar, semipolar and apolar metabolites between 100 and
1600 Dalton, extracted from leaf and fine root with a solution
comprising 75% methanol and 25% water acetate buffer using
an ESI-UHR-Q-ToF-MS (maXis impact, Bruker Daltonics,
Hamburg, Germany) in positive mode, following the procedure
described in Weinhold e 2/ (2022) with minor modifications
(Bassi et al., 2024). Sample preparation included freeze-drying,
manual homogenisation with scissors, and milling in 2-ml tubes
with ceramic beads. The obtained raw data were processed in
Bruker Compass MetaboScape Mass (2022b v.9.0.1; Build
11 878; Bruker Daltonics, Hamburg, Germany) using MetaboS-
cape’s T-ReX algorithm.

Raw data processing was performed on leaf and root together.
This caused features with high-intensity values in one tissue type
to appear at low-intensity in the other. To minimise the influence
of low-intensity features, we applied the same MetaboScape fea-
ture filtering criteria to the leaf and root datasets separately in R.
The entire process, including sample extraction, LC-MS analysis,
MetaboScape settings and feature filtering, is reported in the
Method S3.

After removing features derived from blanks and internal stan-
dards (1177 features) and applying the feature filtering at the tis-
sue level, the dataset included 10 667 features of which 9551
with an MS/MS fragmentation pattern. For these features, we
performed a de-novo feature annotation and classification based
on the MS/MS fragmentation pattern with SRS v.5.7.2
(Diihrkop ez al, 2019). Annotations were re-ranked with
ZODIAC (Ludwig et al., 2020), and molecular structures were
assigned with CSI:FingerID (Diihrkop ez al, 2015; Hoffmann
et al., 2021) and classified using the deep neural network-based
natural product classifier (NPClassifier; Kim ez al, 2021). We
used 5 ppm accuracy and limited the element to CHNPOS and
left the other settings to default for SIRIUS and ZODIAC. For
CSI:FingerID, formulas from all databases were selected. We dis-
charged features with a ZODIAC score lower than 0.5 and NPC
pathway probability lower than 0.5.

Estimation of chemical defence traits from untargeted
metabolomic analysis

We used an untargeted metabolome analysis focusing on second-
ary metabolites to quantify chemical richness, calculated as the
number of mass signals of putative metabolites, or features (here-
after feature richness), as well as the sum of the range-scaled fea-
ture intensity (hereafter feature sum) within three major chemical
defence pathways: alkaloids, terpenoids, and shikimates and phe-
nylpropanoids (NPClassifier; Kim ez al., 2021). The selection of

these pathways was informed by an extensive literature review
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(reported in Table S2) and chosen due to their pivotal roles in
plant defences. However, we acknowledge that compounds
within those pathways are involved also in other biological pro-
cesses and that our approach represents a very global estimate of
the allocation to defence.

While feature richness does not provide a direct quantitative
measure of defence phytochemicals, it serves as a proxy of the
overall diversity and number of final products within that path-
way (Miiller & Junker, 2022). Plant individuals showing higher
feature richness within a specific defence pathway are expected to
possess enhanced defence against a broader array of antagonists
compared with those with lower feature richness (Whitehead
et al., 2021; Fernandez-Conradi ez 2/, 2022). However, the con-
centration of highly toxic compounds may act as a stronger deter-
rent than the richness of potentially less toxic compounds. To
extract a more robust proxy of total allocation to defence, we
summed the range-scaled feature intensity within each selected
pathway. Range scaling was calculated separately for roots and
leaves. For each feature, scaling was performed by subtracting the
minimum intensity value across all samples from the intensity of
each sample and then dividing by the intensity range across all
samples (y, = ﬁm)’ and was chosen to account for dis-
crepancies in feature intensity detection caused by differences in
ionisation (Smilde et al, 2005). While this scaling results in the
loss of absolute feature intensity information, it gives equal
weight to each feature (Sun & Xia, 2024). Thus, the sum of
range-scaled intensities within a pathway does not provide an
absolute measure of the total concentration of phytochemicals
within a pathway (i.e. alkaloids), but it rather indicates whether
the concentration of features within a pathway increases or
decreases.

We derived feature richness and the sum within the three
selected pathways from 428 individual leaf and 391 individual
root samples, averaging the data per plot at the species level. Due
to limited root material, 22 individuals could not be analysed,
and 15 individuals were excluded from the analysis due to con-
tamination from roots of other species or moss rhizoids. This
resulted in a missing value in our final data for Vicia cracca in a
60-species mixture.

Statistical analysis

We performed all statistical analyses in R (v.4.3.2; R Core
Team, 2023). We used principal component analysis (PCA) to
evaluate the coordination of leaf and root defence traits across
species, with missing values imputed by the median. We used lin-
ear mixed models (1ME4 R package v.1.1-35.1; Bates
et al., 2015) to examine the effect of plant community sown SR
(log scale), plant species identity (ID) and their interaction (SR:
ID) on each plant defence traits separately. The random effect
consisted of the experiment plot nested within block to account
for repeated measurements within each plot (multiple species per
plot) and the distance of the plot to the river (block). To assess
term significance, we used ANOVA type III sum of squares
(MERTEST R package v.3.1-3; Kuznetsova er al, 2017) and
adjusted P-values for false discovery rate (FDR) due to multiple
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testing (Benjamini & Hochberg, 1995). The FDR correction was
done separately for the P-values relative to the three terms in the
model (SR, ID and SR:ID). The beta coefficients (slopes), their
confidence interval and P-values of each defence trait changes
along the plan SR gradient for each species were extracted from
the models with the EMTRENDs function from the EMMEANS R
package (v.1.10.0; Lenth, 2024). To obtain standardised regres-
sion beta coefficients of each defence trait along the plant SR gra-
dient among all species, we ran additional linear mixed models
using Z-transformed (mean-centred and scaled) plant defence
traits and only plant community sown SR (log scale) as the expla-
natory variable. To consider variations in species defence trait
means and response to the SR gradient, ID was added as a ran-
dom intercept only or as a random intercept and slope. Specifi-
cally, the random slope for ID was applied only to traits for
which the SR:ID term was significant (FDR P-values < 0.05) in
the first set of models. The proportion of variance explained,
marginal and conditional R?, was extracted from the models
using the MUMIN R package (v.1.47.5; Bartdn, 2023).

Results

Features classification

Of the 9551 features with an MS/MS fragmentation pattern,
5187 (54%) were classified according to our accuracy threshold
(ZODIAC score and NPC pathway probability above 0.5). Shi-
kimates and phenylpropanoids (2173 features), terpenoids (1618
features) and alkaloids (258 features) accounted for 20, 15 and
2% of the total features, respectively (Table S3). The other path-
ways, amino acids and peptides, carbohydrates, fatty acids and
polyketides, accounted for 2 to 3% of the total features. The
superclasses with the highest number of features within shiki-
mates and phenylpropanoids were flavonoids, phenylpropanoids,
lignans, phenolic acids and coumarins. The superclasses with the
highest number of features for terpenoids were tri-, sesqui-,
mono- and di-terpenoids. Within alkaloids, the superclasses with
the highest number of features were pseudoalkaloids, and
ornithine, tyrosine and anthranilic acid alkaloids. The detailed
number of features classified within each pathway is shown in

Figs 2, S1; Tables S4.

Defence traits coordination

The leaf trait PCA’s first two principal components (PCs)
explained 35 and 20% of the variance, respectively, while those
of the root PCA explained 42 and 28%, respectively (Fig. 3). The
first leaf PC revealed a trade-off between physical (toughness, dry
matter content and WR) and chemical defences (shikimates and
alkaloids; Table S5). The second leaf PC showed a similar trade-
off between physical (LMA) and chemical defences (alkaloids and
terpenoids), although not all chemical defences (nitrogen and shi-
kimates) followed this trade-off.

Several root physical and chemical defences (shikimates, alka-
loids, MC and RD) were positively associated along the first root
PC, except for root nitrogen. The second root PC highlighted a

© 2025 The Author(s).
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Fig. 2 Sunburst plot showing the proportion of
features for the chemical superclasses (outer
circle) that could be classified with the
NPClassifier within three selected pathways
(inner circle; alkaloids, terpenoids and shikimates
and phenylpropanoids) across all samples.
Colours depict the three pathways. Only
superclasses with the highest number of features
within each pathway are reported. Interactive
sunburst plots, including chemical classes of
leaves and fine roots samples are available in the
Figure S1. Ornith., Ornithine alkaloids;
Pseudoalk., Pseudoalkaloids; Tyro., Tyrosine
alkaloids.

trade-off between physical (RDMC, RD and SRL) and chemical
defences (terpenoids). Overall, the PCA analysis revealed multi-
ple trade-offs between physical and chemical defences.

Species richness effects on defence traits

Among the 23 defence traits measured in this study, only four
exhibited a significant change along the SR gradient (Table 2,
column SR). With increasing plant SR, plants showed lower
LMA (FDR P-value = 0.0004), LDMC (FDR
P-value = 0.0043) and root N (FDR P-value =0.0001) com-
pared with plants growing in low-diversity communities
(Table 2; Fig. 4; note that in Fig. 4, the coefficients for nitro-
gen are multiplied by —1). In contrast o LDMC, RDMC
increased along the SR gradient (FDR P-value = 0.0229). Simi-
lar to root N, leaf N tended to decrease along the SR gradient
(Fig. 4), albeit not significantly (FDR P-value = 0.2248). None
of the proxies for chemical defence allocation within the three
selected pathways changed significantly along the SR gradient
after FDR correction (Table 2; Fig. 4). However, without FDR
correction, the production of defensive phytochemicals within
the terpenoids (P-value=0.0490) and shikimates and phenyl-
propanoids (P-value = 0.0745) pathways in leaves showed a sig-
nificant or marginally significant increase along the SR gradient,
for the feature sum parameter of the two pathways. In sum-
mary, while two out of five leaf physical defences showed a

© 2025 The Author(s).
New Phytologist © 2025 New Phytologist Foundation.

Triterpenoids

Researchz35"

S!Qﬁgﬂ

clear decrease along the SR gradient, two out of seven leaf che-
mical defences tended to increase, albeit not significantly when
correcting for FDR. On the contrary, one out of four root
physical defences and one out of seven root chemical defences
increased along the SR gradient.

As expected, ID explained a notably large amount of variation
in plant defence traits and the term was significant for all traits,
except leaf toughness (FDR P-value = 0.0727). When ID was
included in the fixed effect, the marginal R ranged from a mini-
mum of 58% for leaf toughness to a maximum of 96% for the
terpenoid sum (Table 2). Conversely, plant SR explained only a
modest amount of variation in plant defence traits, as indicated
by the marginal R of the models with ID included in the ran-
dom term, and only plant SR in the fixed term. For these models,
the marginal R was 4% for LMA and 1% for the other signifi-
cant traits, LDMC, root N and RDMC (Table S6).

Despite the low variance explained by SR, LMA, LDMC and
root N responses to SR were independent of ID as the interactions
between SR and ID (SR:ID) were not significant (Table 2). This
suggests that, at least for these traits, most species responded in the
same direction to the plant richness gradient. For RDMC,
the interaction term, SR:ID, was marginally significant (FDR
P-value 0.0908), suggesting that the response of RDMC to SR par-
dally differed between species (Table 2). Indeed, marginal trend
estimation revealed that 9 of the 16 species sampled showed an
increase in RDMC along the diversity gradient. This was only
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Fig. 3 Principal component analysis (PCA) of leaf (left) and root (right) defence traits. Variance explained by each component is reported in the axis titles.
Different shapes indicate plant functional groups and species within each functional group are depicted in different colours. Traits negatively correlated
with defence (nitrogen and specific root length; Table 1) were multiplied by —1 to ensure that loading vectors indicate increased defence. For chemical
traits related to the metabolome, alkaloids, terpenoids and shikimates, only the sum of range-scaled feature intensity (not feature richness) was used to
avoid over-representation of chemical defences. Several traits are log-transformed to enhance linearity among traits (Supporting Information Table S5).
Shikimates, Shikimates and phenylpropanoids. Full species names: Arr.ela, Arrhenatherum elatius L.; Bro.ere, Bromus erectus Huds.; Fes.rub, Festuca rubra
L.; Gal.mol, Galium mollugo L.; Ger.pra, Geranium pratense L.; Kna.arv, Knautia arvensis (L.) Coult.; Lat.pra, Lathyrus pratensis L.; Lot.cor, Lotus
corniculatus L.; Med.var, Medicago x varia Martyn; Pla.lan, Plantago lanceolata L.; Pla.med, Plantago media L.; Pru.vul, Prunella vulgaris L.; Ran.acr,
Ranunculus acris L.; Tar.off, Taraxacum officinale L.; Tri.fla, Trisetum flavescens (L.) P.Beauv.; Vic.cra, Vicia cracca L.

significant for one species, Gallium mollugo, while the remaining
seven species showed neutral or slightly negative trends (Figs 5, S2).

The only other three traits that showed a significant or margin-
ally significant interaction between SR and ID were MC rate
(FDR P-value: 0.0173), terpenoid richness in leaves (FDR P-
value: 0.0353; Table 2), and the sum of alkaloids in roots (FDR
P-value: 0.0908). For MC rate and the sum of alkaloids in roots,
species showed negative, neutral and positive responses to SR
(Fig. 5). Species richness increased the rate of MC in Trisetum
Sflavescens (L.) P.Beauv and Lathyrus pratensis L., but decreased it
in Plantago lanceolata. In addition, SR increased alkaloid produc-
tion in the roots of Lathyrus pratensis but decreased it in the roots
of Taraxacum officinale. The number of features within terpe-
noids was mostly neutral among species, with only one species,
Trisetum flavescens, showing a clear increase in the number of leaf
terpenoids (Fig. 5). Overall, these results suggest that while physi-
cal defence traits tend to respond similarly among species to the
SR gradient, chemical defence traits and MC rate responses to
the SR gradient show more species-specific responses.

New Phytologist (2025) 246: 729-746
www.newphytologist.com

Discussion

This study investigated intraspecific responses of 23 leaf and fine
root physical and chemical defence traits to a 19-yr-old plant diver-
sity gradient of sixteen grassland plant species. Our main goal was
to test whether the accumulation of mutualists and dilution of
antagonists, often observed along plant diversity gradients, would
promote a reduction in plant defences in high-diversity commu-
nities. In addition, we tested whether this reduction would be
stronger in fine root compared with leaf defences, and if it would
differ among species. Our results showed that most plant defence
traits do not respond to species richness. Furthermore, while
defence traits, which are involved in other plant functions, such as
resource uptake and usage, responded to species richness similarly
among species, chemical defence traits, such as the production of
terpenoids, or traits related to the collaboration with mutualists,
showed species-specific responses. Interestingly, some leaf and root
defences responded in opposing directions to species richness, sug-
gesting that while changes in resource availability along species
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Table2 ANOVA table based on type Il sum of squares for the linear mixed models with plant defence traits as response variable and plant species richness
(log scale; SR), plant species identity (ID) and their interaction (SR:ID) as explanatory variables.

SR ID SR:ID
R? (%)
df F-value df F-value df F-value mar/con

Leaf Water repellency 88.195 0.073 88.884 8.107%#** 88.702 0.707 84/86
Hair density 32.245 0.454 94.500 6.104%#** 90.723 0.502 73/77
Toughness 94.466 0.180 94.343 1.898. 94.115 1.064 58/61
Leaf mass per area 24.841 20.049%%** 92.725 12.244%%* 85.659 1.137 83/87
Dry matter content 20.334 13.213%* 92.431 18.241%** 84.911 1.779 90/92
Nitrogen 24.996 2.542 93.347 15.863%* 88.198 0.980 87/90
Alkaloids richness 95.435 0.028 95.128 19.035%** 94.907 0.888 90/90
Alkaloids sum 94.743 0.308 94.576 14.399%#* 94.327 0.341 85/86
Terpenoids richness 27.371 1.923 91.746 45 569%** 86.813 2.150% 95/97
Terpenoids sum 95.218 3.975 94.925 48.528%#** 94.657 1.151 96/96
Shikimates richness 34.334 0.538 91.888 48.456%** 88.817 1.649 94/96
Shikimates sum 28.679 3.425 85.065 17.281 %% 79.57 0.977 85/93
Fine root Specific root length 24.988 0.054 90.434 4.869%** 86.791 0.883 70/74
Diameter 9.208 0.341 91.010 6.5827%#** 84.210 0.617 76/77
Mycorrhizal colonisation 73.274 1.243 72.906 10.184*** 72.808 2.356* 81/83
Dry matter content 92.154 7.644* 92.040 4.313*** 92.051 1.837. 74174
Nitrogen 94.973 18.317%%* 94.649 18.185%#* 94.323 1.718 90/90
Alkaloids richness 22.387 0.902 92.160 10.257%#%* 86.687 1.590 82/86
Alkaloids sum 7.865 0.305 92.184 18.956%** 81.552 1.861. 89/90
Terpenoids richness 18.077 0.143 91.948 10.606%** 86.300 0.872 83/86
Terpenoids sum 18.375 0.028 92.153 12.416%%* 86.051 0.287 86/88
Shikimates richness 93.769 0.032 93.576 7.687%%% 93.330 1.250 80/82
Shikimates sim 93.009 0.022 92.906 10.921 %% 92.718 0.866 84/86

The random effect included plots nested in blocks. The table reports the denominator degree of freedom (df), F-values and marginal and conditional R?
(marginal before slash and conditional after) for each model (rows). The level of significance is based on FDR-adjusted P-values and reported with asterisks
and dots: P < 0.1; *, P < 0.05; *#*, P < 0.01; *** P < 0.001. con, conditional; mar, marginal; MC, mycorrhizal colonisation; Shikimates, Shikimates and

phenylpropanoid.

richness gradients have a consistent effect among species, they pro-
mote the decoupling of defence traits between leaves and fine roots.
On the other hand, the species-specific responses of chemical
defence traits and traits related to collaboration with mutualists
suggest that the commonly observed dilution of antagonists and
accumulation of mutualists across SR gradients may not affect all
species equally.

Effect of plant species richness on leaf defence traits

The leaf defence traits with the most consistent response to the
diversity gradient among species were LMA and LDMC. Similar
to other studies, these two traits decreased along the diversity gra-
dient (Gubsch ez al, 2011; Roscher er al, 2011b; Lipowsky
et al., 2015) and are associated with plant defence, against leaf
chewers (Caldwell ez al., 2016), as well as foliar pathogens (Cap-
pelli et al., 2020). These traits’ responses seem to align with our
first hypothesis, that plant defence traits decrease along the plant
diversity gradient, due to a reduction in antagonist pressures.
However, despite being significant and marginally significant
only without correcting for FDR, the production of features
within the terpenoids and shikimate and phenylpropanoids path-
ways in leaves tended to increase with SR in line with the findings
of Poeydebat ez al. (2021). Several phytochemicals within those
pathways are known for their defensive role against a variety of

© 2025 The Author(s).
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leaf antagonists, including arthropods (Dugé de Bernonville
et al., 2017), pathogens (Lackus ez al., 2018) and viruses (Zhang
et al., 2015). This response contradicts our first hypotheses, as it
suggests that leaf chemical defences increase with plant diversity.

The opposite responses of these leaf physical and chemical
defences to the diversity gradient suggest a trade-off between physi-
cal and chemical defences within species. Despite this general
trend, this trade-off was consistent within all species only for
LDMC and leaf terpenoids (Fig. S3). However, the PCA revealed
a comparable trade-off between physical and chemical defences
across species in leaf and, to a lower extent, in roots, aligning with
findings from other studies (Fernandez-Conradi ez al., 2022; Bassi
et al, 2024). Overall, the finding that physical and chemical
defences exhibit a trade-off within and across species aligns with
the growth-defence trade-off hypothesis (Lind e# al, 2013; Zaret
et al., 2024) as it suggests that plants can simultaneously optimise
resource competition and promote defence, as shown in previous
studies investigating trade-offs between constitutive and induced
defences (Kempel ez 4/, 2011). In our experiment, this trade-off
may arise due to the differential strengths and effects that multiple
stressors, such as resource limitation and antagonist pressure, exert
on leaf defence traits.

Leaf mass per area and dry matter content have a pivotal role
in other plant functions than defence, such as the acquisition of
light (Poorter er al., 2019). Thus, the response we observed is
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Fig. 4 Standardised beta coefficients of plant defence traits change along the plant species richness gradient (log scale) based on linear mixed models with
species as random intercept or random intercept and slope (Supporting Information Table S6; random effect structure was based on species richness (SR):
species identity (ID) significance in Table 2). Standardisation was performed by running models with Z-transformed defence traits (centred and scaled).
Traits negatively correlated with defence (nitrogen and specific root length; Table 1) were multiplied by —1 to ensure that positive beta coefficients
consistently indicate increased defence, as indicated by the arrows below each panel. Error bars show the 95% confidence interval. Significant coefficients
(P < 0.05), based on false discovery rate (FDR)-adjusted P-values (Table 2) are reported in black, while nonsignificant ones are in grey. Leaf defence traits
are shown on the left and roots on the right. Model coefficients are reported in Table S6. Shikimates, Shikimates and phenylpropanoid.

most likely related to the changes in light availability, as pre-
viously detected in our experiment (Roscher ez al., 2011a; Bach-
mann ¢t al, 2018), a major limiting resource along species
richness gradients (Hautier ez al, 2009), rather than to changes
in antagonistic pressure. However, the reduction in LMA and
dry matter content, to optimise light-capturing surface per car-
bon cost (Poorter et al., 2009), inevitably reduces the defensive
benefits conferred by these traits. This poses the leaves of plants
growing in highly diverse mixtures under a higher risk of antago-
nist attack. Indeed, even though arthropod herbivore pressure,
measured on a biomass or energy flux basis (herbivore biomass or
herbivore energy influx divided by plant biomass) was shown to
decrease (Ebeling ez al, 2018; Barnes ez al, 2020), the
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proportion of leaf area and leaf biomass eaten by invertebrate
herbivores, including gastropods, a group containing many gen-
eralists, increases with plant species richness (Meyer et al., 2017;
but see Seabloom ez 4/, 2017). Indeed, at the same site, Brocher
et al. (2023) found that the increase or decrease in leaf area eaten
by invertebrate herbivores along the species richness gradient was
proportional to the change in LDMC, in line with the ‘neigh-
bour contrast susceptibility and defence’ hypothesis (Alm Berg-
vall et al,, 2006). Given that under light limitation in diverse
communities, the relative importance of leaves should increase,
and at the same time, the probability of leaf attack increases due
to a reduction in physical defence, according to optimal defence
theory, plants should promote allocation to defence in leaves

© 2025 The Author(s).
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Beta coefficients

Fig. 5 Beta coefficients of plant defence trait changes along the plant species richness gradient (log scale) of the 16 sampled species for leaf terpenoid
richness, root mycorrhizal colonisation, root alkaloids sum and root dry matter content. Error bars show a 95% confidence interval. The coefficients,
confidence intervals, and P-value were derived from linear mixed models (summarised in Table 2) using the ‘emtrends’ function from the emmeans R package.
Only defence trait for which the species richness and species identity interaction were at least marginally significant (false discovery rate (FDR) P-values < 0.1)
are reported. Beta coefficients for all defence traits measured in this study are presented in Supporting Information Fig. S2. Species are ordered according to
functional groups (grasses, small herbs, tall herbs and legumes). Full species names: Arr.ela, Arrhenatherum elatius L.; Bro.ere, Bromus erectus Huds.; Fes.rub,
Festuca rubra L.; Gal.mol, Galium mollugo L.; Ger.pra, Geranium pratense L.; Kna.arv, Knautia arvensis (L.) Coult.; Lat.pra, Lathyrus pratensis L.; Lot.cor,
Lotus corniculatus L.; Med.var, Medicago x varia Martyn; Pla.lan, Plantago lanceolata L.; Pla.med, Plantago media L.; Pru.vul, Prunella vulgaris L.; Ran.acr,
Ranunculus acris L.; Tar.off, Taraxacum officinale L.; Tri.fla, Trisetum flavescens (L.) P.Beauv.; Vic.cra, Vicia cracca L.

(Stamp, 2003). Increasing leaf chemical defences, such as the
production of features within the terpenoids and shikimate and
phenylpropanoids pathways, could be a cost-effective way to
counterbalance the loss of physical defence without hampering
the light-capturing capacity.

Effect of plant species richness on root defence traits

Contrary to our first hypothesis, our study indicated that fine
roots in high-diverse mixtures exhibited greater defence than
those in low-diverse mixtures. While RDMC increased, root
nitrogen decreased along the plant diversity gradient, suggesting
that fine root defences, particularly against root chewers and
root-feeding nematodes (Johnson et al., 2010; Moore & John-
son, 2017; Bassi et al., 2024), increase along the diversity gradi-
ent. However, similar to LMA and LDMC, root nitrogen
content and RDMC are related to functions other than plant
defences, such as nutrient and water uptake.

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

1 0 1  -0.0250.000 0.025 0.05

The reduction in root nitrogen content along the species rich-
ness gradient is consistent with other studies (Mulder
et al., 2002; van Ruijven & Berendse, 2005) and is probably due
to the lower availability of nitrogen, which was previously found
in our experiment (Roscher ez al., 2008), as well as increased pro-
ductivity and thus nitrogen demand in more diverse commu-
nities. Although nitrogen access in diverse mixtures may be
enhanced through facilitation effects and resource use comple-
mentarity (Bessler ez al., 2012), our results rather suggest that
nitrogen limitation becomes more pronounced in diverse com-
munities. Notably, the experimental plots have not been fertilised
since the experiment began, and consistently, higher plant bio-
mass removal from high-diversity plots (Wagg ez a/., 2022) may
have depleted soil nitrogen. Interestingly, the reduction in leaf
nitrogen was smaller and not significant, suggesting that the
decreased nitrogen content in roots may partly result from reallo-
cation to leaves (Wang e al., 2024) to maintain sufficient nitro-
gen for photosynthesis.
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The increased RDMC along the diversity gradient may be attrib-
uted to reduced nutrient or water availability (Fischer et al, 2019).
The simultaneous increase in RDMC and decrease in LDMC may
suggest a reallocation of water from the roots to the aboveground
part of the plant to support higher biomass and construction of
shade leaves in high-diverse mixtures. A similar opposite response
of root and LDMC o light, nutrient and water availability gradi-
ents was observed by Freschet et 2/ (2013). However, contrary to
root nitrogen content, the observed increase in RDMC is less con-
sistent among species and inconsistent with other studies (Gould
et al., 2016; Chen ez al., 2017). Hennecke et al. (2025) found no
changes in the community-level root tissue density, a trait strongly
related to RDMC (Birouste er al, 2014) in the same experiment
and at the same time as this study. This suggests that the increase in
root dry matter that we observed in our species pool, does not affect
the majority or the most dominant species. Nonetheless, the reduc-
tion in RDMC of some species is consistent with the findings of
Roeder ez al. (2019, 2021), who found that species with taproots,
tend to become older and simultaneously reduce growth rates along
the species richness gradient. Thus, in high-diverse mixtures, some
species exhibit a more conservative growth strategy belowground
(Bergmann ez al., 2020), whether this is related to changes in water
and nutrient availability or plant age has yet to be determined.

Decoupled response of leaf and fine root physical defence
traits

Contrary to our second hypothesis that fine root defence traits
would decrease more than leaf defence traits along diversity gradi-
ents, our study revealed that while leaf chemical defences showed
a tendency to increase, the few leaf and fine root defence traits
that responded to the diversity gradient did so in the opposing
direction. These opposite trends between leaf and root defences
were driven by traits associated with resource uptake. This sug-
gests a complex relationship between plant defence traits and
antagonist pressure, likely mediated by resource availability.
While it might be surprising that plants can simultaneously
increase root defence and reduce leaf defence, our results contri-
bute to the ongoing debate about whether leaf and root traits are
coordinated (Carmona et al., 2021; Weigelt ez al., 2021, 2023;
Bueno ez al., 2023), showing that, at least within species, this
may not always be the case. In addition, although other studies
have shown that plant diversity has a direct effect on above-
ground and belowground antagonist pressures (Ristok
et al., 2023a,2023b), our study suggests that the observed changes
in aboveground and belowground antagonist pressure with spe-
cies richness may be mostly driven by changes in plant defence
traits and not vice versa, as we hypothesised. Combined with the
lack of response in several defence traits, our results indicate that
the dilution or accumulation of antagonists and mutualists may
not occur uniformly (Halliday & Rohr, 2019). Instead, these
dynamics may be more complex, differing between aboveground
and belowground, as well as among antagonist groups.
Competition for resources in diverse plant communities seems
to promote fine root defences. This increase in root defences may
explain the reduction in belowground antagonistic pressure from
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root-feeding nematodes and arthropods observed in the same
experiment (Cortois et al., 2017; Dietrich ez al., 2021; Amyntas
et al., 2025). However, this increase in defences might also be a
response to increased pressure from other groups of antagonists,
which have not yet been documented.

Similarly, competition for light reduces leaf physical defences
while promoting their chemical defences. This could suggest that
under low light availability, plants maintain high chemical
defences that, in turn, promote arthropod herbivore and patho-
gen dilution along the diversity gradient. However, it also raises
the possibility that leaf chemical defences may increase due to the
accumulation of other antagonist groups, aside from arthropods
and leaf pathogens (Ebeling e a/., 2018; Barnes et al., 2020). For
example, the observed increase in leaf herbivory rates (Meyer
et al., 2017; Brocher er al., 2023) could be attributed to damage
inflicted by generalist antagonists, such as gastropods, which were
not accounted for in other measurements. This may suggest that
certain groups of antagonists, particularly generalists, may accu-
mulate rather than dilute along diversity gradients (Keesing
et al., 2006), thereby explaining the increase in certain defence
traits we observed. Further studies are needed to disentangle the
complex relationship between plant defence traits, antagonists
and mutualists accumulation or dilution.

Species-specific response of leaf and fine root defence traits

Plant species identity was the main driver of all defence
traits assessed in this study, explaining a substantial proportion of
the observed variation. However, species-specific responses to
diversity gradients were less common than anticipated under our
third hypothesis. While plant defence traits linked to resource
acquisition showed consistent responses across species, species-
specific responses were more frequent in traits with tighter links
to defence or collaboration with mutualists. Although only a few
traits exhibited this response, root chemical defences showed
stronger species-specific patterns than leaf chemical traits, align-
ing with the findings of Weinhold ez 2/ (2022).

Given the known link between mycorrhiza and the metabo-
lome through the priming of defensive phytochemicals (Frew
et al., 2022), as well as the association between MC and root che-
mical defences observed across species in the PCA, it is surprising
that our results did not reveal any consistent trends between MC
and chemical defence responses to the diversity gradient. Only 7.
flavescens showed a consistent response, with increases in both
MC and the number of leaf terpenoids, providing some evidence
for priming,.

Overall, this species-specific response may indicate that the dilu-
tion of below- and aboveground antagonists and the accumulation
of belowground mutualists across plant diversity gradients are also
species-specific. Indeed, at the same site, Brocher ez al (2023)
found that herbivory rate changes along diversity gradients were
species-specific. These species-specific responses can be explained
by the associational effects, where plant community composition
can promote resistance or susceptibility (Barbosa er al, 2009;
Underwood et al., 2014) of focal species to herbivores, depending

on whether the focal species is more or less attractive or defended

© 2025 The Author(s).
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than neighbouring species. While these mechanisms are relatively
well understood for aboveground herbivores, it remains unclear to
what extent belowground antagonists and mutualists follow the
same mechanism. Further studies addressing these issues from a
belowground perspective are needed.

Conclusion

Overall, our results emphasise the complexity of plant defence
strategies and their interactions with antagonists across plant
diversity gradients. They highlight that plant responses to
resource limitation across SR gradients are probably the main dri-
vers of changes in some defence traits, which may in turn influ-
ence antagonist pressure. Conversely, chemical defence traits
appear to respond to changes in antagonist pressure and, together
with traits related to cooperation with mutualists, show more
species-specific responses. This suggests a stronger bottom-up
effect of leaf and fine root physical defence traits on invertebrate
herbivores and a top-down effect of antagonists on leaf chemical
defence traits. Finally, our results show that responses of defence
traits to plant SR can differ significantly between above- and
belowground compartments, highlighting the need to integrate
both in future studies.

Acknowledgements

We are grateful to Annette Jesch for coordinating the Jena
Experiment and to Roman Patzak, the Jena Experiment technical
staff and numerous student helpers for their dedicated efforts in
maintaining the experiment and conducting measurements. We
are grateful to Ines Hilke and the ‘RoMA’ service group at the
Max Planck Institute for Biogeochemistry in Jena (Germany), for
the nitrogen measurements, and to the Jena Experiment Research
Unit and the Systematic Botany and Functional Biodiversity
research group at the University of Leipzig for their valuable
expertise and contributions to this project. This research was
funded by the German Research Foundation (DFG) through the
Jena Experiment Research Unit (FOR 5000-1). NE, JH, SD and
NMvD acknowledge support from iDiv (German Research
Foundation (DFG)-FZT 118, 202548816). MZ acknowledge
funding support from the French government in the framework
of the IdEX Bordeaux University “Investments for the Future”
program/GPR Bordeaux Plant Sciences. Open Access funding
enabled and organized by Projekt DEAL.

Competing interests
None declared.

Author contributions

LB, AW, NMvD, STM and NE designed the study. LB, JH, CA,
MDS, AR, YPAS, AF, VCD, AK, LvS and LW conducted the
field campaign and measured leaf and root traits. CA measured
the mycorrhizal colonisation rate. RR implemented the boot-
strapped CARS-PLSR model to predict nitrogen content. MZ,

© 2025 The Author(s).

New /’/{)‘f()/(/(g[}f‘!Ji 2025 New PI])’I(,)I()gisl Foundation.

Research

Zl ‘%Qﬂ

SD and VCD performed the untargeted metabolomic analysis.
LB performed the statistical analysis and wrote the first draft of
the manuscript. All authors contributed to the data interpretation
and the revision of each draft.

ORCID
Cynthia Albracht

Leonardo Bassi
Stefanie D6l
Van Cong Doan
Nico Eisenhauer

hteps://orcid.org/0000-0002-8779-3749
hteps://orcid.org/0000-0002-2604-8665
https://orcid.org/0000-0002-0001-8302
https://orcid.org/0000-0001-9189-1301
https://orcid.org/0000-0002-0371-6720

Aaron Fox (12 hetps://orcid.org/0000-0002-6452-5290
Justus Hennecke (2) https://orcid.org/0000-0002-6839-2333
Anja Kahl () https://orcid.org/0000-0001-5497-8520

Sebastian T. Meyer
Yuri Pinheiro Alves de Souza

https://orcid.org/0000-0003-0833-1472
hteps://orcid.org/0000-0001-

9854-6383

Ronny Richter (2 https://orcid.org/0000-0002-8728-7918
Marcel Dominik Solbach (2 https://orcid.org/0000-0001-7073-
7428

Nicole M. van Dam () https://orcid.org/0000-0003-2622-5446
Lea Von Sivers (12 https://orcid.org/0009-0009-3932-4276
Alexandra Weigelt (2) hetps://orcid.org/0000-0001-6242-603X
Luise Winkler (2 https://orcid.org/0009-0008-0627-5968
Ming Zeng (2 https://orcid.org/0000-0003-2836-9240

Data availability

R code, leaf and root trait data, as well as the experimental design
metadata, are available through the Jena Experiment database
(JExIS) at doi: 10.25829/4VMQ-V994, and doi: 10.25829/
JOYV-2655, respectively. The near-infrared spectral data are
available at doi: 10.25829/XVJH-HM95. The raw and processed
metabolome data are available from MetaboLights (Yurekten
et al., 2024; https://www.ebi.ac.uk/metabolights/ MTBLS8464);
study identifier: MTBLS8464.

References

Albracht C, Solbach MD, Hennecke J, Bassi L, van der Ploeg GR, Eisenhauer
N, Weigelt A, Buscot F, Heintz-Buschart A. 2024. Common soil history is
more important than plant history for arbuscular mycorrhizal community
assembly in an experimental grassland diversity gradient. Biology and Fertility of
Soils 60: 547-562.

Alm Bergvall U, Rautio P, Kesti K, Tuomi J, Leimar O. 2006. Associational
effects of plant defences in relation to within- and between-patch food choice
by a mammalian herbivore: neighbour contrast susceptibility and defence.
Oecologia 147: 253-260.

Alonso C, Garcia IM, Zapata N, Pérez R. 2009. Variability in the behavioural
responses of three generalist herbivores to the most abundant coumarin in
Daphne laureola leaves. Entomologia Experimentalis et Applicata 132: 76-83.

Alves MN, Sartoratto A, Trigo JR. 2007. Scopolamine in Brugmansia suaveolens
(Solanaceae): defense, allocation, costs, and induced response. Journal of
Chemical Ecology 33: 297-309.

Amyntas A, Gauzens B, Ciobanu M, Warnke L, Maraun M, Salamon J-A,
Merkle M, Bassi L, Hennecke ], Lange M et al. 2025. Shared community
history strengthens plant diversity effects on below-ground multitrophic
functioning. Journal of Animal Ecology. doi: 10.1111/1365-2656.14241

New Phytologist (2025) 246: 729-746
www.newphytologist.com

85U8017 SUOLILLIOD BAIE81D 3(ealidde ayy Aq peusenob ae ssppiie YO ‘8N JO'Sa|n 10} A%IqiT8uljuO A8]IA UO (SUONIPUOD-PUR-SLLIBY/LIOD" AB [ IM"AReIq U1 UO//SANY) SUONIPUOD PUe SWB | 8L 88S *[6202/#0/20] Uo AriqiTaulluO A8|IM 81l eueIyooD Aq #er0z ydu/TTTT 0T/I0p/wod Ao im Areiqijeuljuoydu//sdny woly pepeojumoq ‘Z G


https://orcid.org/0000-0002-8779-3749
https://orcid.org/0000-0002-8779-3749
https://orcid.org/0000-0002-8779-3749
https://orcid.org/0000-0002-2604-8665
https://orcid.org/0000-0002-2604-8665
https://orcid.org/0000-0002-2604-8665
https://orcid.org/0000-0002-0001-8302
https://orcid.org/0000-0002-0001-8302
https://orcid.org/0000-0002-0001-8302
https://orcid.org/0000-0001-9189-1301
https://orcid.org/0000-0001-9189-1301
https://orcid.org/0000-0001-9189-1301
https://orcid.org/0000-0002-0371-6720
https://orcid.org/0000-0002-0371-6720
https://orcid.org/0000-0002-0371-6720
https://orcid.org/0000-0002-6452-5290
https://orcid.org/0000-0002-6452-5290
https://orcid.org/0000-0002-6452-5290
https://orcid.org/0000-0002-6839-2333
https://orcid.org/0000-0002-6839-2333
https://orcid.org/0000-0002-6839-2333
https://orcid.org/0000-0001-5497-8520
https://orcid.org/0000-0001-5497-8520
https://orcid.org/0000-0001-5497-8520
https://orcid.org/0000-0003-0833-1472
https://orcid.org/0000-0003-0833-1472
https://orcid.org/0000-0003-0833-1472
https://orcid.org/0000-0001-9854-6383
https://orcid.org/0000-0001-9854-6383
https://orcid.org/0000-0001-9854-6383
https://orcid.org/0000-0002-8728-7918
https://orcid.org/0000-0002-8728-7918
https://orcid.org/0000-0002-8728-7918
https://orcid.org/0000-0001-7073-7428
https://orcid.org/0000-0001-7073-7428
https://orcid.org/0000-0001-7073-7428
https://orcid.org/0000-0003-2622-5446
https://orcid.org/0000-0003-2622-5446
https://orcid.org/0000-0003-2622-5446
https://orcid.org/0009-0009-3932-4276
https://orcid.org/0009-0009-3932-4276
https://orcid.org/0009-0009-3932-4276
https://orcid.org/0000-0001-6242-603X
https://orcid.org/0000-0001-6242-603X
https://orcid.org/0000-0001-6242-603X
https://orcid.org/0009-0008-0627-5968
https://orcid.org/0009-0008-0627-5968
https://orcid.org/0009-0008-0627-5968
https://orcid.org/0000-0003-2836-9240
https://orcid.org/0000-0003-2836-9240
https://orcid.org/0000-0003-2836-9240
info:doi/10.25829/4VMQ-V994
info:doi/10.25829/4VMQ-V994
info:doi/10.25829/4VMQ-V994
info:doi/10.25829/J0YV-2655
info:doi/10.25829/J0YV-2655
info:doi/10.25829/J0YV-2655
info:doi/10.25829/J0YV-2655
info:doi/10.25829/XVJH-HM95
info:doi/10.25829/XVJH-HM95
info:doi/10.25829/XVJH-HM95
https://www.ebi.ac.uk/metabolights/MTBLS8464
https://doi.org/10.1111/1365-2656.14241
https://doi.org/10.1111/1365-2656.14241
https://doi.org/10.1111/1365-2656.14241

iz feh

Bachmann D, Roscher C, Buchmann N. 2018. How do leaf trait values change
spatially and temporally with light availability in a grassland diversity
experiment? Oikos 127: 935-948.

Barbosa P, Hines J, Kaplan I, Martinson H, Szczepaniec A, Szendrei Z.
2009. Associational resistance and associational susceptibility: having
right or wrong neighbors. Annual Review of Ecology, Evolution, and
Systematics 40: 1-20.

Barnes AD, Scherber C, Brose U, Borer ET, Ebeling A, Gauzens B, Giling DP,
Hines J, Isbell F, Ristok C ez al. 2020. Biodiversity enhances the multitrophic
control of arthropod herbivory. Science Advances 6: 1-9.

Bartén K. 2023. MuMIN: multi-model inference. R package v.1.47.5. [WWW
document] URL https://cran.r-project.org/package=MuMIn.

Bassi L, Hennecke J, Albracht C, Brocher M, Solbach MD, Schaller ], Doan
VC, Wagner H, Eisenhauer N, Ebeling A ez al. 2024. Uncovering the secrets
of monoculture yield decline: trade-offs between leaf and root chemical and
physical defence traits in a grassland experiment. Ozkos 2024: e10061.

Bassi L, Patzak R, van Dam N, Weigelt A. 2023. Leaf and fine root NIRS
Spectra from old and new (dBEF) monoculture plots in 2020 (v.17). Jena
Experiment Information System. doi: 10.25829/7ASR-PZ67.

Bates D, Michler M, Bolker B, Walker S. 2015. Fitting Linear Mixed-Effects
Models Using lme4. Journal of Statistical Software 67: 1-48.

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. Journal of the Royal Statistical
Society: Series B: Methodological 57: 289-300.

Bergmann J, Weigelt A, van Der Plas F, Laughlin DC, Kuyper TW, Guerrero-
Ramirez N, Valverde-Barrantes O], Bruelheide H, Freschet GT, Iversen CM
et al. 2020. The fungal collaboration gradient dominates the root economics
space in plants. Science Advances 6: 1-10.

Bessler H, Oelmann Y, Roscher C, Buchmann N, Scherer-Lorenzen M, Schulze
E-D, Temperton VM, Wilcke W, Engels C. 2012. Nitrogen uptake by
grassland communities: contribution of N, fixation, facilitation,
complementarity, and species dominance. Plant and Soil358: 301-322.

Birouste M, Zamora-Ledezma E, Bossard C, Pérez-Ramos IM, Roumet C.
2014. Measurement of fine root tissue density: a comparison of three methods
reveals the potential of root dry matter content. Plant and Soil 374: 299-313.

Brocher M, Ebeling A, Hertzog L, Roscher C, Weisser W, Meyer ST. 2023.
Effects of plant diversity on species-specific herbivory: patterns and
mechanisms. Oecologia 201: 1053-1066.

Brocher M, Meyer ST, Eisenhauer N, Ebeling A. 2024. The positive plant
diversity/consumer relationship is independent of grassland age. Basic and
Applied Ecology 76: 58-68.

Bueno CG, Toussaint A, Triger S, Diaz S, Moora M, Munson AD, Pirtel M,
Zobel M, Tamme R, Carmona CP. 2023. Reply to: the importance of trait
selection in ecology. Narure 618: E31-E34.

Caldwell E, Read J, Sanson GD. 2016. Which leaf mechanical traits correlate
with insect herbivory among feeding guilds? Annals of Borany 117: 349-361.

Cameron DD, Neal AL, van Wees SCM, Ton J. 2013. Mycorrhiza-
induced resistance: more than the sum of its parts? Trends in Plant
Science 18: 539-545.

Cappelli SL, Pichon NA, Kempel A, Allan E. 2020. Sick plants in grassland
communities: a growth-defense trade-off is the main driver of fungal pathogen
abundance. Ecology Lerters 23: 1349-1359.

Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perrings C, Venail P,
Narwani A, Mace GM, Tilman D, Wardle DA ez al. 2012. Biodiversity loss
and its impact on humanity. Nazure 486: 59-67.

Cardinale BJ, Wright JP, Cadotte MW/, Carroll IT, Hector A, Srivastava DS,
Loreau M, Weis JJ. 2007. Impacts of plant diversity on biomass production
increase through time because of species complementarity. Proceedings of the
National Academy of Sciences, USA 104: 18123-18128.

Carmona CP, Bueno CG, Toussaint A, Triger S, Diaz S, Moora M, Munson
AD, Pirtel M, Zobel M, Tamme R. 2021. Fine-root traits in the global
spectrum of plant form and function. Nazure 597: 683-687.

Chen H, Mommer L, van Ruijven ], de Kroon H, Fischer C, Gessler A,
Hildebrandt A, Scherer-Lorenzen M, Wirth C, Weigelt A. 2017. Plant species
richness negatively affects root decomposition in grasslands. Journal of Ecology
105: 209-218.

New Phytologist (2025) 246: 729-746

www.newphytologist.com

New
Phytologist

Civitello DJ, Cohen J, Fatima H, Halstead NT, Liriano J, McMahon TA,
Ortega CN, Sauer EL, Sehgal T, Young S ez 4. 2015. Biodiversity inhibits
parasites: Broad evidence for the dilution effect. Proceedings of the National
Academy of Sciences, USA 112: 8667-8671.

Cortois R, Schroder-Georgi T, Weigelt A, van der Putten WH, De Deyn GB.
2016. Plant—soil feedbacks: role of plant functional group and plant traits.
Journal of Ecology 104: 1608-1617.

Cortois R, Veen GFC, Duyts H, Abbas M, Strecker T, Kostenko O, Eisenhauer
N, Scheu S, Gleixner G, De Deyn GB et al. 2017. Possible mechanisms
underlying abundance and diversity responses of nematode communities to
plant diversity. Ecosphere 8: 01719.

De Deyn GB, Van der Putten WH. 2005. Linking aboveground and
belowground diversity. Trends in Ecology & Evolution 20: 625-633.

Didiano TJ, Turley NE, Everwand G, Schaefer H, Crawley MJ, Johnson MT]J.
2014. Experimental test of plant defence evolution in four species using long-
term rabbit exclosures. Journal of Ecology 102: 584—594.

Dietrich P, Cesarz S, Liu T, Roscher C, Eisenhauer N. 2021. Effects of plant
species diversity on nematode community composition and diversity in a long-
term biodiversity experiment. Oecologia 197: 297-311.

Dugé de Bernonville T, Carqueijeiro I, Lanoue A, Lafontaine F, Sinchez Bel P,
Liesecke F, Musset K, Oudin A, Glévarec G, Pichon O et al. 2017. Folivory
elicits a strong defense reaction in Catharanthus roseus: metabolomic and
transcriptomic analyses reveal distinct local and systemic responses. Scientific
Reports 7: 40453,

Diihrkop K, Fleischauer M, Ludwig M, Aksenov AA, Melnik AV, Meusel M,
Dorrestein PC, Rousu J, Bocker S. 2019. SIRIUS 4: a rapid tool for turning
tandem mass spectra into metabolite structure information. Nature Methods 16:
299-302.

Diihrkop K, Shen H, Meusel M, Rousu J, Bocker S. 2015. Searching molecular
structure databases with tandem mass spectra using CSI:FingerID. Proceedings
of the National Academy of Sciences, USA 112: 12580-12585.

Ebeling A, Hines J, Hertzog LR, Lange M, Meyer ST, Simons NK, Weisser
WW. 2018. Plant diversity effects on arthropods and arthropod-dependent
ecosystem functions in a biodiversity experiment. Basic and Applied Ecology 26:
50-63.

Eichenberg D, Purschke O, Ristok C, Wessjohann L, Bruelheide H. 2015.
Trade-offs between physical and chemical carbon-based leaf defence: of
intraspecific variation and trait evolution. Journal of Ecology 103:

1667-1679.

Eisenhauer N, Bonkowski M, Brose U, Buscot F, Durka W, Ebeling A, Fischer
M, Gleixner G, Heintz-Buschart A, Hines J ez /. 2019. Biotic interactions,
community assembly, and eco-evolutionary dynamics as drivers of long-term
biodiversity—ecosystem functioning relationships. Research Ideas & Outcomes 5:
e47042.

Eisenhauer N, Reich PB, Isbell F. 2012a. Decomposer diversity and identity
influence plant diversity effects on ecosystem functioning. Ecology 93: 2227—
2240.

Eisenhauer N, Reich PB, Scheu S. 2012b. Increasing plant diversity effects on
productivity with time due to delayed soil biota effects on plants. Basic and
Applied Ecology 13: 571-578.

Ellenberg HH. 1988. Vegetation ecology of central Europe. Cambridge, UK:
Cambridge University Press.

Felix JA, Stevenson PC, Koricheva J. 2023. Plant neighbourhood diversity effects
on leaf traits: a meta-analysis. Functional Ecology 37: 3150-3163.

Fernandez-Conradi P, Defossez E, Delavallade A, Descombes P, Pitteloud C,
Glauser G, Pellissier L, Rasmann S. 2022. The effect of community-wide
phytochemical diversity on herbivory reverses from low to high elevation.
Journal of Ecology 110: 46-56.

Fischer C, Leimer S, Roscher C, Ravenek J, de Kroon H, Kreutziger Y, Baade J,
BeBler H, Eisenhauer N, Weigelt A ez al. 2019. Plant species richness and
functional groups have different effects on soil water content in a decade-long
grassland experiment. Journal of Ecology 107: 127-141.

Freschet GT, Bellingham PJ, Lyver POB, Bonner KI, Wardle DA. 2013.
Plasticity in above- and belowground resource acquisition traits in response to
single and multiple environmental factors in three tree species. Ecology and
Evolution 3: 1065-1078.

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

85U8017 SUOLILIOD BA 181D 3(ealidde ayy Aq peusenob ae ssppiie YO ‘8sn JO s3I 10} A%IqiT8UlIUO AS]IAA UO (SUONIPUOD-PUR-SLLIBYLIOD" AB 1M A Re1q U1 UO//SANY) SUONIPUOD PUe SWB | 8L 88S *[6Z0Z/70/20] Uo AriqiTaulluo A8|IM 81l eueIyooD Aq #er0z Ydu/TTTT 0T/I0p/wod Ao im Arelqijuljuoyduy/sdiy woly pepeojumoq ‘2 ‘G20z ‘LET869T


https://cran.r-project.org/package=MuMIn
https://cran.r-project.org/package=MuMIn
https://cran.r-project.org/package=MuMIn
https://cran.r-project.org/package=MuMIn
https://cran.r-project.org/package=MuMIn
https://doi.org/10.25829/7ASR-PZ67
https://doi.org/10.25829/7ASR-PZ67
https://doi.org/10.25829/7ASR-PZ67

New
Phytologist

Freschet GT, Pages L, Iversen CM, Comas LH, Rewald B, Roumet C,
KlimeSov4 J, Zadworny M, Poorter H, Postma JA et al. 2021. A starting
guide to root ecology: strengthening ecological concepts and standardising root
classification, sampling, processing and trait measurements. New Phytologist
232:973-1122.

Frew A, Antunes PM, Cameron DD, Hartley SE, Johnson SN, Rillig MC,
Bennett AE. 2022. Plant herbivore protection by arbuscular mycorrhizas: a role
for fungal diversity? New Phytologist 233: 1022-1031.

Gorb EV, Gorb SN. 2017. Anti-adhesive effects of plant wax coverage on insect
attachment. Journal of Experimental Botany 68: 5323-5337.

Gould IJ, Quinton JN, Weigelt A, De Deyn GB, Bardgett RD. 2016. Plant
diversity and root traits benefit physical properties key to soil function in
grasslands. Ecology Letrers 19: 1140-1149.

Grover S, Shinde S, Puri H, Palmer N, Sarath G, Sattler SE, Louis J.
2022. Dynamic regulation of phenylpropanoid pathway metabolites in
modulating sorghum defense against fall armyworm. Frontiers in Plant
Science 13: 1-14.

Gubsch M, Buchmann N, Schmid B, Schulze E-D, Lipowsky A, Roscher C.
2011. Differential effects of plant diversity on functional trait variation of grass
species. Annals of Botany 107: 157-169.

Guerrero-Ramirez NR, Craven D, Reich PB, Ewel JJ, Isbell F, Koricheva J,
Parrotta JA, Auge H, Erickson HE, Forrester DI et al. 2017. Diversity-
dependent temporal divergence of ecosystem functioning in experimental
ecosystems. Nature Ecology & Evolution 1: 1639-1642.

Halliday FW, Rohr JR. 2019. Measuring the shape of the biodiversity-disease
relationship across systems reveals new findings and key gaps. Nature
Communications 10: 1-10.

Hanley ME, Lamont BB, Fairbanks MM, Rafferty CM. 2007. Plant structural
traits and their role in anti-herbivore defence. Perspectives in Plant Ecology,
Evolution and Systematics 8: 157-178.

Hautier Y, Niklaus PA, Hector A. 2009. Competition for light causes plant
biodiversity loss after eutrophication. Science 324: 636-638.

van der Heijden MGA, Klironomos JN, Ursic M, Moutoglis P, Streitwolf-Engel
R, Boller T, Wiemken A, Sanders IR. 1998. Mycorrhizal fungal diversity
determines plant biodiversity, ecosystem variability and productivity. Nature
396: 69-72.

Hennecke J, Bassi L, Albracht C, Amyntas A, Bergmann J, Eisenhauer N, Fox
A, Heimbold L, Heintz-Buschart A, Kuyper TW ez al. 2025. Plant species
richness and the root economics space drive soil fungal communities. Ecology
letters 28: €70032.

Hoffmann K, Bivour W, Friih B, KoBmann M, Vo8 P-H. 2014.
Klimauntersuchungen in Jena fiir die Anpassung an den Klimawandel und
seine erwarteten Folgen. Offenbach am Main, Germany: Deutschen
Wetterdienstes.

Hoffmann MA, Nothias L-F, Ludwig M, Fleischauer M, Gentry EC, Witting
M, Dorrestein PC, Diihrkop K, Bocker S. 2021. Assigning confidence to
structural annotations from mass spectra with COSMIC. bioRxiv. doi: 10.
1101/2021.03.18.435634.

Hol GW, Macel M, van Veen JA, van der Meijden E. 2004. Root damage and
aboveground herbivory change concentration and composition of pyrrolizidine
alkaloids of Senecio jacobaea. Basic and Applied Ecology 5: 253-260.

Hélscher D, Dhakshinamoorthy S, Alexandrov T, Becker M, Bretschneider T,
Buerkert A, Crecelius AC, De Waele D, Elsen A, Heckel DG ez al. 2014.
Phenalenone-type phytoalexins mediate resistance of banana plants (Musa spp.)
to the burrowing nematode Radopholus similis. Proceedings of the National
Academy of Sciences, USA111: 105-110.

Huang Y, Chen Y, Castro-Izaguirre N, Baruffol M, Brezzi M, Lang A, Li
Y, Hirdte W, von Oheimb G, Yang X ez al. 2018. Impacts of species
richness on productivity in a large-scale subtropical forest experiment.
Science 362: 80-83.

Isbell F, Gonzalez A, Loreau M, Cowles ], Diaz S, Hector A, Mace GM, Wardle
DA, O’Connor MI, Duffy JE ez al. 2017. Linking the influence and
dependence of people on biodiversity across scales. Nature 546: 65-72.

Johnson SN, Benefer CM, Frew A, Griffiths BS, Hartley SE, Karley AJ,
Rasmann S, Schumann M, Sonnemann I, Robert CAM. 2016a. New frontiers
in belowground ecology for plant protection from root-feeding insects. Applied

Soil Ecology 108: 96-107.

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

Z‘ ‘%Qﬂ

Research

Johnson SN, Erb M, Hartley SE. 2016b. Roots under attack: contrasting plant
responses to below- and aboveground insect herbivory. New Phytologist 210:
413-418.

Johnson SN, Hallett PD, Gillespie TL, Halpin C. 2010. Below-ground
herbivory and root toughness: a potential model system using lignin-modified
tobacco. Physiological Entomology 35: 186-191.

Jung SC, Martinez-Medina A, Lopez-Raez JA, Pozo MJ. 2012. Mycorrhiza-
induced resistance and priming of plant defenses. Journal of Chemical Ecology
38: 651-664.

Keesing F, Holt RD, Ostfeld RS. 2006. Effects of species diversity on disease
risk. Ecology Letters9: 485—498.

Kempel A, Schidler M, Chrobock T, Fischer M, van Kleunen M. 2011.
Tradeoffs associated with constitutive and induced plant resistance against
herbivory. Proceedings of the National Academy of Sciences, USA 108: 5685—
5689.

Kim HW, Wang M, Leber CA, Nothias L-F, Reher R, Bin KK, van der Hooft
JJ), Dorrestein PC, Gerwick WH, Cottrell GW. 2021. NPCLASSIFIER: a deep
neural network-based structural classification tool for natural products. Journal
of Natural Products 84: 2795-2807.

Koskimiki JJ, Hokkanen ], Jaakola L, Suorsa M, Tolonen A, Mattila S, Pirttild
AM, Hohtola A. 2009. Flavonoid biosynthesis and degradation play a role in
early defence responses of bilberry (Vaccinium myrtillus) against biotic stress.
European Journal of Plant Pathology 125: 629—640.

Kulmatiski A, Beard KH, Heavilin J. 2012. Plant—soil feedbacks provide an
additional explanation for diversity—productivity relationships. Proceedings of’
the Royal Society B: Biological Sciences 279: 3020-3026.

Kuznetsova A, Brockhoff PB, Christensen RHB. 2017. LMERTEST package: tests
in linear mixed effects models. Journal of Statistical Software 82: 1-26.

Lackus ND, Lackner S, Gershenzon J, Unsicker SB, Kéllner TG. 2018. The
occurrence and formation of monoterpenes in herbivore-damaged poplar roots.
Scientific Reports 8: 17936.

Latz E, Eisenhauer N, Rall BC, Allan E, Roscher C, Scheu S, Jousset A. 2012.
Plant diversity improves protection against soil-borne pathogens by fostering
antagonistic bacterial communities. Journal of Ecology 100: 597-604.

Lea CS, Bradbury SG, Constabel CP. 2021. Anti-herbivore activity of oregonin,
a diarylheptanoid found in leaves and bark of red alder (Alnus rubra). Journal of
Chemical Ecology 47: 215-226.

Lenth R. 2024. EMMEANS: estimated marginal means, aka least-squares means. R
package v.1.10.0. [WWW document] URL https://cran.r-project.
org/package=emmeans.

Lind EM, Borer E, Seabloom E, Adler P, Bakker JD, Blumenthal DM, Crawley
M, Davies K, Firn J, Gruner DS ez al. 2013. Life-history constraints in
grassland plant species: a growth-defence trade-off is the norm. Ecology Letters
16: 513-521.

Lipowsky A, Roscher C, Schumacher J, Michalski SG, Gubsch M, Buchmann
N, Schulze E-D, Schmid B. 2015. Plasticity of functional traits of forb species
in response to biodiversity. Perspectives in Plant Ecology, Evolution and
Systematics 17: 66-=77.

Loranger J, Meyer ST, Shipley B, Kattge ], Loranger H, Roscher C,
Weisser WW. 2012. Predicting invertebrate herbivory from plant traits:
evidence from 51 grassland species in experimental monocultures. Ecology
93: 2674-2682.

Ludwig M, Nothias L-F, Diihrkop K, Koester I, Fleischauer M, Hoffmann MA,
Petras D, Vargas F, Morsy M, Aluwihare L ez al. 2020. Database-independent
molecular formula annotation using Gibbs sampling through ZODIAC.
Nature Machine Intelligence 2: 629—-641.

Mahon MB, Sack A, Aleuy OA, Barbera C, Brown E, Buelow H, Civitello D],
Cohen JM, de Wit LA, Forstchen M ez al. 2024. A meta-analysis on global
change drivers and the risk of infectious disease. Nazure 629: 830-836.

Marak HB, Biere A, van Damme JMM. 2002. Two herbivore-deterrent iridoid
glycosides reduce the in-vitro growth of a specialist but not of a generalist
pathogenic fungus of Plantago lanceolata L. Chemoecology 12: 185-192.

Maron JL, Marler M, Klironomos JN, Cleveland CC. 2011. Soil fungal
pathogens and the relationship between plant diversity and productivity.
Ecology Letters 14: 36—41.

Mattson WJ. 1980. Herbivory in relation to plant nitrogen content. Annual
Review of Ecology and Systematics 11: 119-161.

New Phytologist (2025) 246: 729-746
www.newphytologist.com

85U8017 SUOLILLIOD BAIE81D 3(ealidde ayy Aq peusenob ae ssppiie YO ‘8N JO'Sa|n 10} A%IqiT8uljuO A8]IA UO (SUONIPUOD-PUR-SLLIBY/LIOD" AB [ IM"AReIq U1 UO//SANY) SUONIPUOD PUe SWB | 8L 88S *[6202/#0/20] Uo AriqiTaulluO A8|IM 81l eueIyooD Aq #er0z ydu/TTTT 0T/I0p/wod Ao im Areiqijeuljuoydu//sdny woly pepeojumoq ‘Z G


https://doi.org/10.1101/2021.03.18.435634
https://doi.org/10.1101/2021.03.18.435634
https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=emmeans

s Teh

Meyer ST, Ebeling A, Eisenhauer N, Hertzog L, Hillebrand H, Milcu A, Pompe
S, Abbas M, Bessler H, Buchmann N ez a/. 2016. Effects of biodiversity
strengthen over time as ecosystem functioning declines at low and increases at
high biodiversity. Ecosphere7: €01619.

Meyer ST, Scheithe L, Hertzog L, Ebeling A, Wagg C, Roscher C, Weisser
WW. 2017. Consistent increase in herbivory along two experimental plant
diversity gradients over multiple years. Ecosphere 8: €01876.

Miehe-Steier A, Roscher C, Reichelt M, Gershenzon J, Unsicker SB. 2015.
Light and nutrient dependent responses in secondary metabolites of Plantago
lanceolata offspring are due to phenotypic plasticity in experimental grasslands.
PLoS ONE10: ¢0136073.

Mills KE, Bever JD. 1998. Maintenance of diversity within plant communities:
soil pathogens as agents of negative feedback. Ecology 79: 1595-1601.

Mitchell CE, Tilman D, Groth JV. 2002. Effects of grassland plant species
diversity, abundance, and composition on foliar fungal disease. Ecology 83:
1713-1726.

Mommer L, Cotton TEA, Raaijmakers JM, Termorshuizen AJ, van Ruijven J,
Hendriks M, van Rijssel SQ, van de Mortel JE, van der Paauw JW, Schijlen
EGWM ez al. 2018. Lost in diversity: the interactions between soil-borne
fungi, biodiversity and plant productivity. New Phytologist 218: 542-553.

Moore BD, Johnson SN. 2017. Get tough, get toxic, or get a bodyguard:
identifying candidate traits conferring belowground resistance to herbivores in
grasses. Frontiers in Plant Science7: 1925.

van Moorsel SJ, Schmid MW, Hahl T, Zuppinger-Dingley D, Schmid B. 2018.
Selection in response to community diversity alters plant performance and
functional traits. Perspectives in Plant Ecology, Evolution and Systematics 33: 51-61.

van Moorsel SJ, Schmid MW, Wagemaker NCAM, Gurp T, Schmid B, Vergeer
P. 2019. Evidence for rapid evolution in a grassland biodiversity experiment.
Molecular Ecology 28: 4097-4117.

Mraja A, Unsicker SB, Reichelt M, Gershenzon J, Roscher C. 2011. Plant
community diversity influences allocation to direct chemical defence in
Plantago lanceolata. PLoS ONE 6: ¢28055.

Muiruri EW, Barantal S, Iason GR, Salminen J, Perez-Fernandez E, Koricheva
J. 2019. Forest diversity effects on insect herbivores: do leaf traits matter? New
Phytologist 221: 2250-2260.

Mulder C, Jumpponen A, Hogberg P, Huss-Danell K. 2002. How plant
diversity and legumes affect nitrogen dynamics in experimental grassland
communities. Oecologia 133: 412—421.

Miiller C, Junker RR. 2022. Chemical phenotype as important and dynamic
niche dimension of plants. New Phyrologist234: 1168-1174.

Murata M, Kobayashi T, Seo S. 2019. a-ionone, an apocarotenoid, induces plant
resistance to western flower thrips, Frankliniella occidentalis, independently of
jasmonic acid. Molecules25: 17.

Nakashita H, Yasuda M, Nitta T, Asami T, Fujioka S, Arai Y, Sekimata K,
Takatsuto S, Yamaguchi I, Yoshida S. 2003. Brassinosteroid functions in a
broad range of disease resistance in tobacco and rice. The Plant Journal 33:
887-898.

Nuringtyas TR, Verpoorte R, Klinkhamer PGL, van Oers MM, Leiss KA. 2014.
Toxicity of pyrrolizidine alkaloids to Spodoptera exigua using insect cell lines
and injection bioassays. Journal of Chemical Ecology 40: 609-616.

Olivier V, Spring J-L, Gindro K. 2018. Stilbenes: biomarkers of grapevine
resistance to fungal diseases. OENO one 52: 235-241.

Peng S, Chen HYH. 2021. Global responses of fine root biomass and traits to
plant species mixtures in terrestrial ecosystems. Global Ecology and Biogeography
30: 289-304.

Pérez-Harguindeguy N, Diaz S, Garnier E, Lavorel S, Poorter H, Jaureguiberry
P, Bret-Harte MS, Cornwell WK, Craine JM, Gurvich DE ez 2l 2013. New
handbook for standardised measurement of plant functional traits worldwide.
Australian Journal of Botany 61: 167-234.

Poeydebat C, Jactel H, Moreira X, Koricheva J, Barsoum N, Bauhus J,
Eisenhauer N, Ferlian O, Francisco M, Gottschall F ez /. 2021. Climate
affects neighbour-induced changes in leaf chemical defences and tree
diversity—herbivory relationships. Functional Ecology 35: 67-81.

Poorter H, Niinemets U, Nrtagkas N, Siebenkis A, Mienpii M, Matsubara S,
Pons T. 2019. A meta-analysis of plant responses to light intensity for 70 traits
ranging from molecules to whole plant performance. New Phytologist 223:

1073-1105.

New Phytologist (2025) 246: 729-746

www.newphytologist.com

New
Phytologist

Poorter H, Niinemets U, Poorter L, Wright IJ, Villar R. 2009. Causes and
consequences of variation in leaf mass per area (LMA): a meta-analysis. New
Phyrologist 182: 565-588.

Poorter L, Plassche M, Willems S, Boot RGA. 2004. Leaf traits and herbivory
rates of tropical tree species differing in successional status. Plant Biology 6:
746-754.

Prasannalaxmi K, Rani PU. 2016. Interactions between herbivore Leucinodes
orbonalis G. and its host plant Solanum melongena L.: a study on insect induced
direct plant responses. Allelopathy Journal 37: 273-286.

van der Putten WH, Bardgett RD, Bever JD, Bezemer TM, Casper BB, Fukami
T, Kardol P, Klironomos JN, Kulmatiski A, Schweitzer JA et al 2013. Plant-
soil feedbacks: the past, the present and future challenges. Journal of Ecology
101: 265-276.

R Core Team. 2023. R: a language and environment for statistical computing.
Vienna, Austira: R Foundation for Statistical Computing: v.4.3.2.

Raguso RA, Agrawal AA, Douglas AE, Jander G, Kessler A, Poveda K, Thaler
JS. 2015. The raison d’étre of chemical ecology. Ecology 96: 617-630.

Rasmann S, Bauerle TL, Poveda K, Vannette R. 2011. Predicting root
defence against herbivores during succession. Functional Ecology 25:
368-379.

Ravenek JM, Bessler H, Engels C, Scherer-Lorenzen M, Gessler A, Gockele A,
De Luca E, Temperton VM, Ebeling A, Roscher C ez al. 2014. Long-term
study of root biomass in a biodiversity experiment reveals shifts in diversity
effects over time. Orkos 123: 1528-1536.

Reich PB, Tilman D, Isbell F, Mueller K, Hobbie SE, Flynn DFB, Eisenhauer
N. 2012. Impacts of biodiversity loss escalate through time as redundancy
fades. Science 336: 589-592.

Richter R, Bassi L. 2023. Bagging-CARS-PLS model R code. jena Experiment
Information System. doi: 10.25829/DG6F2-ZP34.

Ristok C, Eisenhauer N, Weinhold A, van Dam NM. 2023a. Plant diversity and
soil legacy independently affect the plant metabolome and induced responses
following herbivory. Ecology and Evolution 13: 1-22.

Ristok C, Poeschl Y, Dudenhéffer JH, Ebeling A, Eisenhauer N, Vergara F,
‘Wagg C, van Dam NM, Weinhold A. 2019. Plant species richness elicits
changes in the metabolome of grassland species via soil biotic legacy. Journal of
Ecology 107: 2240-2254.

Ristok C, Weinhold A, Ciobanu M, Poeschl Y, Roscher C, Vergara F, Eisenhauer
N, van Dam NM. 2023b. Plant diversity effects on herbivory are related to soil
biodiversity and plant chemistry. Journal of Ecology 111: 412-427.

Roeder A, Schweingruber FH, Ebeling A, Eisenhauer N, Fischer M, Roscher C.
2021. Plant diversity effects on plant longevity and their relationships to
population stability in experimental grasslands. Journal of Ecology 109: 2566—
2579.

Roeder A, Schweingruber FH, Fischer M, Roscher C. 2019. Increasing plant
diversity of experimental grasslands alters the age and growth of Plantago
lanceolata from younger and faster to older and slower. Oikos 128: 1182-1193.

Root RB. 1973. Organization of a plant-arthropod association in simple and
diverse habitats: the fauna of collards (Brassica oleracea). Ecological Monographs
43:95-124.

Roscher C, Kutsch WL, Kolle O, Ziegler W, Schulze E-D. 2011a. Adjustment
to the light environment in small-statured forbs as a strategy for
complementary resource use in mixtures of grassland species. Annals of Botany
107: 965-979.

Roscher C, Schmid B, Buchmann N, Weigelt A, Schulze E-D. 2011b. Legume
species differ in the responses of their functional traits to plant diversity.
Oecologia 165: 437—-452.

Roscher C, Schumacher J, Baade J, Wilcke W, Gleixner G, Weisser WW,
Schmid B, Schulze E-D. 2004. The role of biodiversity for element cycling and
trophic interactions: an experimental approach in a grassland community. Basic
and Applied Ecology 5: 107-121.

Roscher C, Schumacher J, Lipowsky A, Gubsch M, Weigelt A, Schmid B,
Buchmann N, Schulze ED. 2018. Functional groups differ in trait means, but
not in trait plasticity to species richness in local grassland communities. Ecology
99: 2295-2307.

Roscher C, Thein S, Schmid B, Scherer-Lorenzen M. 2008. Complementary
nitrogen use among potentially dominant species in a biodiversity experiment
varies between two years. Journal of Ecology 96: 477—488.

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

85U8017 SUOLILIOD BA 181D 3(ealidde ayy Aq peusenob ae ssppiie YO ‘8sn JO s3I 10} A%IqiT8UlIUO AS]IAA UO (SUONIPUOD-PUR-SLLIBYLIOD" AB 1M A Re1q U1 UO//SANY) SUONIPUOD PUe SWB | 8L 88S *[6Z0Z/70/20] Uo AriqiTaulluo A8|IM 81l eueIyooD Aq #er0z Ydu/TTTT 0T/I0p/wod Ao im Arelqijuljuoyduy/sdiy woly pepeojumoq ‘2 ‘G20z ‘LET869T


https://doi.org/10.25829/D6F2-ZP34
https://doi.org/10.25829/D6F2-ZP34
https://doi.org/10.25829/D6F2-ZP34

New
Phytologist

Rottstock T, Joshi J, Kummer V, Fischer M. 2014. Higher plant diversity
promotes higher diversity of fungal pathogens, while it decreases pathogen
infection per plant. Ecology95: 1907-1917.

van Ruijven J, Berendse F. 2005. Diversity—productivity relationships: Initial
effects, long-term patterns, and underlying mechanisms. Proceedings of the
National Academy of Sciences, USA 102: 695-700.

Scherling C, Roscher C, Giavalisco P, Schulze E-D, Weckwerth W. 2010.
Metabolomics unravel contrasting effects of biodiversity on the performance of
individual plant species. PLoS ONE5: €12569.

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH image to IMAGE]: 25 years
of image analysis. Nazure Methods9: 671-675.

Schnitzer SA, Klironomos JN, HilleRisLambers ], Kinkel LL, Reich PB,
Xiao K, Rillig MC, Sikes BA, Callaway RM, Mangan SA ez al. 2011.
Soil microbes drive the classic plant diversity—productivity pattern. Ecology
92: 296-303.

Schuldt A, Bruelheide H, Durka W, Eichenberg D, Fischer M, Kréber W,
Hirdtle W, Ma K, Michalski SG, Palm W-U ez al. 2012. Plant traits affecting
herbivory on tree recruits in highly diverse subtropical forests. Ecology Letters
15: 732-739.

Seabloom EW, Kinkel L, Borer ET, Hautier Y, Montgomery RA, Tilman D.
2017. Food webs obscure the strength of plant diversity effects on primary
productivity. Ecology Letters 20: 505-512.

Seethepalli A, Dhakal K, Griffiths M, Guo H, Freschet GT, York LM. 2021.
RHIZOVISION explorer: open-source software for root image analysis and
measurement standardization. AoB Plants 13: 1-15.

Smilde AK, van der Werf MJ, Bijlsma S, Van der Werff-van der Vat BJC,
Jellema RH. 2005. Fusion of mass spectrometry-based metabolomics data.
Analytical Chemistry 77: 6729-6736.

Stamp N. 2003. Out of the Quagmire of plant defense hypotheses. The Quarterly
Review of Biology 78: 23-55.

Steppuhn A, Gase K, Krock B, Halitschke R, Baldwin I'T. 2004. Nicotine’s
defensive function in nature. PLoS Biology 2: €217.

Strauss AT, Hobbie SE, Reich PB, Seabloom EW, Borer ET. 2024. The effect of
diversity on disease reverses from dilution to amplification in a 22-year
biodiversity X N X CO, experiment. Scientific Reports 14: 10938.

Sun J, Xia Y. 2024. Pretreating and normalizing metabolomics data for statistical
analysis. Genes & Diseases 11: 100979.

Thakur MP, van der Putten WH, Wilschut RA, Veen GF, Kardol P, van
Ruijven J, Allan E, Roscher C, van Kleunen M, Bezemer TM. 2021.
Plant—soil feedbacks and temporal dynamics of plant diversity—productivity
relationships. Trends in Ecology & Evolution 36: 651-661.

Tilman D, Isbell F, Cowles JM. 2014. Biodiversity and ecosystem functioning.
Annual Review of Ecology, Evolution, and Systematics 45: 471-493.

Trouvelot A, Kough JL, Gianinazzi-Pearson V. 1986. Mesure du taux de
mycorhization VA d’un systeme radiculaire. Recherche de methods
d’estimation ayant une signification fonctionnelle. In: Gianinazzi-Pearson V,
Gianinazzi S, eds. Physiological and genetical aspects of mycorrhizae. Paris,
France: INRA Press, 217-221.

Underwood N, Inouye BD, Hambick PA. 2014. A conceptual framework for
associational effects: when do neighbors matter and how would we know? The
Quarterly Review of Biology 89: 1-19.

de Vries ], Evers JB, Kuyper TW, van Ruijven J, Mommer L. 2021. Mycorrhizal
associations change root functionality: a 3D modelling study on competitive
interactions between plants for light and nutrients. New Phytologist231: 1171—
1182.

Wagg C, Roscher C, Weigelt A, Vogel A, Ebeling A, de Luca E, Roeder A,
Kleinspehn C, Temperton VM, Meyer ST et al. 2022. Biodiversity—stability
relationships strengthen over time in a long-term grassland experiment. Nazure
Communications 13: 7752.

Wang G, Burrill HM, Podzikowski LY, Eppinga MB, Zhang F, Zhang J,
Schultz PA, Bever JD. 2023. Dilution of specialist pathogens drives
productivity benefits from diversity in plant mixtures. Nature Communications
14: 8417.

Wang G, Schultz P, Tipton A, Zhang J, Zhang F, Bever JD. 2019. Soil
microbiome mediates positive plant diversity-productivity relationships in late
successional grassland species. Ecology Letters 22: 1221-1232.

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

Z‘ ‘%Qﬂ

Research

Wang R, Dijkstra FA, Han X, Jiang Y. 2024. Root nitrogen reallocation: what
makes it matter? Trends in Plant Science 20: 1-12.

Weigelt A, Mommer L, Andraczek K, Iversen CM, Bergmann J, Bruelheide H,
Fan Y, Freschet GT, Guerrero-Ramirez NR, Kattge J ez al. 2021. An
integrated framework of plant form and function: the belowground perspective.
New Phytologist 232: 42-59.

Weigelt A, Mommer L, Andraczek K, Iversen CM, Bergmann J,
Bruelheide H, Freschet GT, Guerrero-Ramirez NR, Kattge J, Kuyper
TW et al. 2023. The importance of trait selection in ecology. Nature
618: E29-E30.

Weinhold A, D&l S, Liu M, Schedl A, Péschl Y, Xu X, Neumann S, Dam NM.
2022. Tree species richness differentially affects the chemical composition of
leaves, roots and root exudates in four subtropical tree species. Journal
of Ecology 110: 97-116.

‘Whitehead SR, Bass E, Corrigan A, Kessler A, Poveda K. 2021. Interaction
diversity explains the maintenance of phytochemical diversity. Ecology Letters
24: 1205-1214.

Yang F, Shen H, Huang T, Yao Q, Hu J, Tang J, Zhang R, Tong H, Wu Q,
Zhang Y et al. 2023. Flavonoid production in tomato mediates both direct and
indirect plant defences against whiteflies in tritrophic interactions. Pest
Management Science 79: 4644—4654.

Yang L, Maron JL, Callaway RM. 2015. Inhibitory effects of soil biota are
ameliorated by high plant diversity. Oecologia 179: 519-525.

Yurekten O, Payne T, Tejera N, Amaladoss FX, Martin C, Williams M,
O’Donovan C. 2024. MetaboLights: open data repository for metabolomics.
Nucleic Acids Research 52: D640-D646.

Zahid A, Jaber R, Laggoun F, Lehner A, Remy-Jouet I, Pamlard O, Beaupierre
S, Leprince J, Follet-Gueye M-L, Vicré-Gibouin M ez al. 2017.
Holaphyllamine, a steroid, is able to induce defense responses in Arabidopsis
thaliana and increases resistance against bacterial infection. Planta 246: 1109—
1124.

Zaret M, Kinkel L, Borer ET, Seabloom EW. 2024. Plant growth—defense trade-
offs are general across interactions with fungal, insect, and mammalian
consumers. Ecology 105: 1-13.

Zhang D-W, Deng X-G, Fu F-Q, Lin H-H. 2015. Induction of plant virus
defense response by brassinosteroids and brassinosteroid signaling in
Arabidopsis thaliana. Planta 241: 875-885.

Zhang H, Hu Z, Luo X, Wang Y, Wang Y, Liu T, Zhang Y, Chu L, Wang X,
Zhen Y et al. 2022. ZmRop1 participates in maize defense response to the
damage of Spodoptera frugiperdalarvae through mediating ROS and soluble
phenol production. Plant Direct 6: 1-13.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Interactive sunburst plots showing the numbers of fea-
tures for the leaf and fine root samples classified with the NPClas-
sisfier.

Fig. S2 Beta coefficients and 95% confidence intervals depicting
the impact of plant species richness (log scale) on leaf and fine
root defence traits across the 16 sampled species.

Fig. S3 Scatter plots showing the standard major axis regression
slopes between leaf physical and chemical defence traits within
and across species.

Methods S1 Additional details on the leaf morphological trait

measurements.

New Phytologist (2025) 246: 729-746
www.newphytologist.com

85U8017 SUOLILLIOD BAIE81D 3(ealidde ayy Aq peusenob ae ssppiie YO ‘8N JO'Sa|n 10} A%IqiT8uljuO A8]IA UO (SUONIPUOD-PUR-SLLIBY/LIOD" AB [ IM"AReIq U1 UO//SANY) SUONIPUOD PUe SWB | 8L 88S *[6202/#0/20] Uo AriqiTaulluO A8|IM 81l eueIyooD Aq #er0z ydu/TTTT 0T/I0p/wod Ao im Areiqijeuljuoydu//sdny woly pepeojumoq ‘Z G



s ot

Methods S2 Additional details on the nitrogen measuraments.

Methods S3 Additional details on the untargeted metabolome
analysis.

Table S1 Count of sampled plots across the species richness gra-
dient, the total number of observations and per-species richness
levels for each species.

Table S2 Literature review of the impact of defensive chemical
compounds within the alkaloids, terpenoids, and shikimates and
phenylpropanoid pathways on plant antagonists.

Table 83 Number and percentage of unclassified and classified
features in each of the NPClassifier pathways.

Table S4 Number and percentage of features classified in the
NPClassifier superclasses with the highest numbers of features (at
least 0.2% of all features).

New Phytologist (2025) 246: 729-746
www.newphytologist.com

New
Phytologist

Table S5 Loadings of the leaf and root defence traits PCA.

Table S6 ANOVA table for the linear mixed models with plant
defence traits as the response variable and plant species richness
(log scale) as predictors.

Please note: Wiley is not responsible for the content or function-
ality of any Supporting Information supplied by the authors. Any
queries (other than missing material) should be directed to the
New Phytologist Central Office.

Disclaimer: The New Phytologist Foundation remains neutral with regard to
jurisdictional claims in maps and in any institutional affiliations.

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

85U8017 SUOLILIOD BA 181D 3(ealidde ayy Aq peusenob ae ssppiie YO ‘8sn JO s3I 10} A%IqiT8UlIUO AS]IAA UO (SUONIPUOD-PUR-SLLIBYLIOD" AB 1M A Re1q U1 UO//SANY) SUONIPUOD PUe SWB | 8L 88S *[6Z0Z/70/20] Uo AriqiTaulluo A8|IM 81l eueIyooD Aq #er0z Ydu/TTTT 0T/I0p/wod Ao im Arelqijuljuoyduy/sdiy woly pepeojumoq ‘2 ‘G20z ‘LET869T



	Outline placeholder
	 Summary
	 Introduction
	 Materials and Methods
	 Study site and experimental design
	 Field sampling of leaf and fine root samples
	 Leaf sample preparation and morphological trait measurements
	 Fine root sample preparation, morphological trait and mycorrhizal colonisation measurements
	 Nitrogen measurements
	 Untargeted metabolomics analyses
	 Estimation of chemical defence traits from untargeted metabolomic analysis
	 Statistical analysis

	 Results
	 Features classification
	 Defence traits coordination
	 Species richness effects on defence traits

	 Discussion
	 Effect of plant species richness on leaf defence traits
	 Effect of plant species richness on root defence traits
	 Decoupled response of leaf and fine root physical defence traits
	 Species-specific response of leaf and fine root defence traits
	 Conclusion

	 Acknowledgements
	 Competing interests
	 Author contributions
	 References
	Supporting Information


