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Abstract
Aims Plants in nature are confronted by a variety of
beneficial and antagonistic above- and belowground
organisms, including leaf herbivores, soil fungi, and soil
nematodes. While their individual effects are usually
well studied, their joint effects on plant performance
are less well known. Synergistic or antagonistic interac-
tions between these organisms would mean that their
joint effects on plant performance are more or less
detrimental or beneficial than expected from their indi-
vidual effects.
Methods We conducted a factorial greenhouse experi-
ment in which we manipulated the presence of above-
ground herbivores (weevils), soil nematodes, and soil

fungi using addition (weevil) or removal (fungicide,
nematicide) treatments to test how these groups of or-
ganisms alone and in combination affect Triadica
sebifera biomass production, when grown individually
or under intraspecific competition.
Results Soil fungi and aboveground weevils alone each
strongly decreased plant root and total biomass. Inter-
estingly, soil nematodes alone slightly reduced plant
biomass but they mitigated the negative impacts of
aboveground weevils, indicating antagonism in their
effects on plant biomass. However, in the presence of
soil fungi this antagonism was less pronounced, illus-
trating the complexity of interactive effects of above-
ground and belowground biota on plant biomass.
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Aboveground herbivory increased nematode infections,
but only in the absence of soil fungi. Intraspecific com-
petition strongly enhanced nematode infection loads and
slightly decreased T. sebifera root biomass but did not
modulate the direction or the strength of interactions
among these aboveground and belowground biota.
Conclusions Our findings indicate that joint effects of
antagonistic above- and belowground biota on plant
performance can be less detrimental than expected from
their individual effects. These results highlight the im-
portance of considering the roles of plant aboveground
and belowground interactions from a systems
perspective.
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Introduction

Plants interact with multiple above- and belowground
organisms, forming a complex biotic network. Organ-
isms involved in such plant-associated interaction webs
include both plant antagonists such as herbivores and
pathogens and potential mutualists such as arbuscular
mycorrhizal (AM) fungi. For instance, plants face an
array of aboveground and belowground enemies, and an
increasing number of studies show that these enemies
influence the performance of plants and the dynamics of
plant communities in natural ecosystems (Bardgett and
Wardle 2003; Bardgett andWardle 2010). Many studies
investigating the effects of biotic interactions on plants
have focused separately on interactions of plants with a
single group of organisms, for instance either above-
ground insect herbivores or soil fungi (e.g., Bardgett and
Wardle 2003; Bennett and Bever 2007). However, un-
der natural conditions, plants are often simultaneously
attacked by a wide diversity of aboveground and below-
ground organisms (Erwin et al. 2014; Huang et al. 2014;
Masters et al. 1993; Pangesti et al. 2013; Scherber et al.
2010; Stam et al. 2014). Yet, much is still unknown
about the consequences of such simultaneous attacks on
plant growth and fitness, which could have a significant
impact on plant community dynamics, succession, or
biological invasions (but see Huang et al. 2014; Meier
and Hunter 2018; Scherber et al. 2010).

Many types of plant-mediated interactions between
organisms sharing the same host plant have been docu-
mented and such interactions can affect the net effect of
these organisms on plant performance. For instance,
herbivores can affect soil community composition and
function via changes in the quality and quantity of
resources that enter the soil (Barto and Rillig 2010;
Bezemer et al. 2013; Broeckling et al. 2008; Hamilton
and Frank 2001; Kong et al. 2016; Schittko and Wurst
2014; Yang et al. 2011), which in turn can change the
effects of the soil biota on plant performance (Bardgett
and Wardle 2003; Bezemer et al. 2013). These
herbivore-induced changes in the effects of soil mi-
crobes can include both pathogenic (Biere and
Goverse 2016) and beneficial microbes such as AM
fungi (Barto and Rillig 2010). Conversely, interactions
with the soil biotic community can alter interactions
between plants and herbivores. For instance, interac-
tions with AM fungi can increase the growth, nutritional
quality and water status of leaf tissues with subsequent
effects on the performance of herbivores feeding on
these plants (Jung et al. 2012; Real-Santillan et al.
2019). In addition, many beneficial soil microbes such
as AM fungi can increase plant resistance and tolerance
to herbivory (Bennett and Bever 2007; Heinen et al.
2018a; Koricheva et al. 2009). Notably, there is growing
evidence that symbiotic microbes associated with plants
can prime plants for enhanced defenses signaled
through the phytohormone jasmonic acid (JA) (e.g.,
Jung et al. 2012; Pieterse et al. 2014; Pozo and Azcon-
Aguilar 2007). Similarly, pathogenic soil fungi can
modulate plant resistance to herbivores (Biere and
Goverse 2016). Moreover, variation in plant-soil asso-
ciation history may impact interactions of plants with
aboveground organisms, such as herbivores. Explora-
tion of the effects of soil legacies on aboveground
herbivores has only recently been initiated (Heinen
et al. 2018a, b; Kos et al. 2015; Kostenko et al. 2013).

Plants not only mediate interactions between herbi-
vores and pathogenic or beneficial soil microbes, but
also between aboveground herbivorous insects and be-
lowground soil nematodes (Biere and Goverse 2016;
Machado et al. 2018; Wondafrash et al. 2013). Herbiv-
orous insects and plant-parasitic nematodes are the most
diverse and abundant groups of multicellular animals
feeding on plants on either side of the soil-air interface.
Root-feeding nematodes can positively or negatively
affect aboveground-feeding herbivorous insects (and
vice versa) and the outcomes of interactions between
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these spatially separated groups of organisms appear to
be influenced by the feeding strategy of the nematodes
and the insects, as well as by host plant susceptibility to
both types of organisms (e.g. Hoysted et al. 2017; Kos
et al. 2015; Soler et al. 2012; Wondafrash et al. 2013).

The outcome of the interactions between plant-
associated organisms on their shared host plant and their
net effect on plant performance further depend on abi-
otic and biotic environmental factors such as the pres-
ence of inter- or intraspecific competitors. Plant compe-
tition can strongly alter the interactions of plants with
herbivores, pathogens and beneficial microbes. First of
all, competition can strongly alter plant phenotypes with
concomitant effects on their biotic interactions. For in-
stance, intra- and interspecific competition leads to
strong transcriptional changes in genes involved in both
symbiotic and antagonistic interactions (Bowsher et al.
2017; Geisler et al. 2012) and intraspecific competition
has been shown to increase levels of specific defense
metabolites (Skoneczny et al. 2019). Second, plant den-
sities can strongly affect the rates of colonization by
spatially foraging herbivores as well as by soil- and
airborne microbes (Folgarait et al. 1995), for example
by affecting the leaf microclimate which is important for
spore germination and infection (Copes and Scherm
2005) or root exudation patterns important in the attrac-
tion of belowground organisms (Weidenhamer et al.
2019). However, studies on how density and intraspe-
cific plant competition affect plant-mediated interac-
tions between different organisms on a plant and their
net impact are scarce.

Simultaneous interactions of plants with above-
ground herbivores, soil fungi, and plant-parasitic nema-
todes are important determinants of plant performance
(Biere and Goverse 2016; Wondafrash et al. 2013).
Effects of organisms on plant performance may simply
add up, or they can be non-additive, strengthening
(synergism) or mitigating (antagonism) each other’s
effects on plant performance. From the plant’s perspec-
tive, the consequences of such non-additive effects may
be either beneficial or detrimental. For instance, syner-
gism between pathogens or pests will cause extra dam-
age, whereas synergism between plant-beneficial organ-
isms will enhance the benefits from their simultaneous
presence. A meta-analysis of interactive effects of
aboveground herbivores and pathogens on plant perfor-
mance (Hauser et al. 2013) found that their effects are
predominantly additive. However, interactive effects of
above- and belowground biota such as soil fungi and

plant-parasitic nematodes on plant performance have
been less well documented. Previous studies suggest
that aboveground herbivores and soil biota could have
additive effects on native and range-expanding exotic
plants (Engelkes et al. 2008; Mӧrrien et al. 2011). It is
therefore important to examine the combined effects of
above- and belowground biota on plant performance,
which will help to better understand how plant-
associated organisms influence plant diversity, commu-
nity structure and potential biological invasions because
plants might encounter diverse above- and belowground
beneficials and antagonists under natural conditions.

In this study, we used tallow tree (Triadica sebifera)
and some of its above- and belowground biota as a
model system to investigate the individual and com-
bined effects of aboveground insect herbivores (wee-
vils), soil fungi, and soil nematodes on plant perfor-
mance with or without intraspecific plant competition.
Under natural conditions these plants are often simulta-
neously attacked by an array of enemies in both the
above- and belowground domains (Huang et al. 2014;
Yang et al. 2015b, c). We used a factorial design of one
addition (weevils) and two removal treatments (nemati-
cide and fungicide use) to manipulate the densities of
each of these three groups of organisms. We addressed
the following questions: 1) Do aboveground herbivores,
soil fungi, and soil nematodes have additive effects on
plant height and biomass? 2) Does intraspecific compe-
tition modulate the individual and combined effects of
aboveground herbivores, soil fungi, and soil nematodes
on plant height and biomass? In addition, we assessed
how the treatments affected the densities of two of the
most abundant subgroups of nematodes and soil fungi
that we could detect, i.c. root knot nematodes (RKN)
and arbuscular mycorrhizal (AM) fungi to test the ef-
fectiveness of the removal treatments as well as the
additive and non-additive impact of the treatments on
their densities.

Methods

Study system

Native to Asia, Triadica sebifera (Euphorbiaceae) is a
fast growing, deciduous tree naturally distributed in
central and southern China (Zhang and Lin 1994). In
November 2014, we hand-collected T. sebifera seeds
from 10 randomly selected trees in Dawu, Hubei, China
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(31°32′N, 114°24′ E). The surrounding vegetation in-
cludes subtropical evergreen broad-leaved forest, shrubs
and grasses. In April 2015, we removed the seeds’waxy
coats by soaking them in water with laundry detergent
(10 g / L), surface sterilized them with 10% bleach
[0.6% sodium hypochlorite], and germinated them in
sterilized, field-collected soil. We used first-
year T. sebifera seedlings as previous studies suggested
that young plants may be especially susceptible to the
effects of herbivory (Reader 1992).

In April 2015, we collected soils from underneath 8
different T. sebifera trees at Dawu. We removed surface
litter before collecting topsoil to a depth of 10 to 15 cm
and removed sticks, rocks and root fragments by passing
soil through a 1 cm mesh screen. We kept the soils
associated with each tree separate throughout the exper-
iment (“soil source” hereafter).

Heterapoderopsis bicallosicollis (Coleoptera:
Attelabidae) is a specialist leaf-rolling weevil, with four
to five generations per year in the Hubei Province in
China (Wang et al. 2009). Adults feed on leaves by
nibbling holes but avoid veins and lay eggs inside rolled
leaves (nidi). One nidus usually contains 1 or 2 eggs.
Larvae and pupae live inside the nidus until they emerge
as adults (Wang et al. 2009, 2011). In July 2015, we
collected nidi of H. bicallosicollis at Luotian, Hubei,
China (30°47′ N, 115°24′ E), reared them to adulthood
in cages at Wuhan Botanical Garden, Hubei, China
(31°32′ N, 114°24′ E), and used their offspring for this
experiment.

In the field, tallow seedlings are often damaged by
the root-knot nematode Meloidogyne incognita (Ding
et al. unpublished data) and other soil nematodes (Liu
et al. 2019). Common garden experiments have shown
that the rate of colonization of tallow seedlings collected
from Chinese populations by AM fungi is around 8–
20% (Yang et al. 2015a). Previous studies also reported
that either soil fungal pathogens or the weevil
H. bicallosicollis could negatively affect T. sebifera
performance in its native range (Yang et al. 2013;
Wang et al. 2011).

Experimental design

To test how aboveground herbivory, soil fungi, and soil
nematodes individually and jointly affect plant root and
shoot biomass accumulation, we performed a common
garden pot experiment at Wuhan Botanical Garden. The
experiment consisted of a factorial combination of four

treatments: aboveground herbivores (weevils), soil fun-
gicide, soil nematicide, and intraspecific competition,
each with two levels (explained below), replicated in
each of the 8 soil sources (128 pots in total). In
May 2015, we filled each pot (diameter = 15 cm,
height = 9 cm) with soil from a single soil source (16
pots per soil source). We treated 32 pots with soil
fungicide (iprodione, rate 0.32 g/m2), 32 pots with a
nematicide drench (aldicarb [Temik], rate 0.17 g/m2), 32
pots with both fungicide and nematicide, and 32 pots
with only water. Iprodione is a general, systemic,
dicarboximide contact fungicide that inhibits germina-
tion of fungal spores and blocks the growth of fungal
mycelium and is used to control a wide variety of fungal
diseases (Whitehead 1998). Aldicarb is a carbamate that
is primarily used to control a wide variety of nematodes
(Ebone et al. 2019). It is a cholinesterase inhibitor that
prevents breakdown of acetylcholine in the synapsis and
has neurotoxic activity. After initiating the treatments,
we transplanted either one (no competition) or two
(competition) first-year seedlings into each pot,
enclosed each pot in a mesh cage, and arranged them
randomly in a greenhouse. In July 2015, we added 5
adult H. bicallosicollis into half of the cages and left the
others without weevils. We left weevils on the plants
until they had damaged ~30% of leaf area (12–15 days),
then measured plant height at 15 days and let plants
regrow for an additional 60 days to allow sufficient time
for differences in tolerance (regrowth) and effects of soil
biota on regrowth ability to be expressed. Plants were
watered every day and did not receive any additional
fertilizer. After that, plants were cut at ground level,
separated into leaves and stems, dried at 50 °C for
6 days, and weighed.

Since our main interest in this study was to quantify
the interactive effects of aboveground herbivores, root
nematodes, soil fungi and competition on plant biomass,
the most important variables that we measured were
shoot and root biomass of the plants. However, in addi-
tion we measured densities of two groups of organisms,
root-knot nematodes (RKN) and arbuscular mycorrhizal
(AM) fungi. These measurements were performed not
only to check whether fungicide and nematicide treat-
ments were effective, at least for these two subgroups,
but also to quantify how RKN and AM fungi were
affected by aboveground herbivores and by soil fungi
or nematodes, respectively.

We carefully washed the roots to remove all soil and
collected fine root fragments. These fragments were
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cleared, stained, mounted, and assayed for colonization
by arbuscular mycorrhizal fungi (100 gridline intersect
counts of intra- plus extra-radical hyphae) following
published protocols (McGonigle et al. 1990; Nijjer
et al. 2008). Even though based on the morphology of
the irregularly septate hyphae we were fairly confident
that these hyphae indeed belonged to AM fungi, no
vesicles or arbuscules were detected in plants used in
the experiment, hence we lack any indication of a func-
tionally significant transfer of C or P through these
hyphae that might have had a net effect on plant bio-
mass. We also counted the number of nematode root-
knots of the whole root system. We dried and weighed
roots and divided the number of root knots by root
biomass to estimate infection loads (McBride et al.
1999). For all variables, we either summed (plant bio-
mass, nematodes) or averaged (AM fungi) the values for
the two plants in competition pots. There were no sig-
nificant differences in the abundances of root knot nem-
atodes or AM fungi among soils used in the experiment
(no significant “soil source” effect in the data analyses,
see Table 1, 2 and 3). Furthermore, for these focal
groups we can be confident that our removal treatment
truly resulted in complete removal (=zero numbers) (see
Fig. 4 for nematodes and Fig. 5 for AM fungi).

Data analysis

We used Generalized Linear Models (proc GLM, SAS
9.4, 2013) to examine the dependence of plant total,
shoot and root biomass and height at day 15 on above-
ground herbivory, soil fungi, soil nematodes, competi-
tion, their interactions and soil source as fixed effects.
For pots that had not been treated with nematicide, we
used a GLM to test the dependence of root-knot nema-
tode loads on aboveground herbivory, soil fungi, com-
petition, their interactions and soil source as fixed ef-
fects. Likewise, for pots that had not been treated with
fungicide, we used a GLM to test the dependence of
AMF colonization (square root transformed) on above-
ground herbivory, soil nematodes, competition, their
interactions and soil source as fixed effects. Assump-
tions of normality and homoscedasticity were tested
with Shapiro-Wilk and Levene tests, respectively, and
post-hoc comparisons were performed with Tukey-
HSD. We inferred additivity of the effects of multiple
treatments from the absence of significant interaction
terms among treatments when testing their effects on
plant performance. In case of significant interactions, we

inspected the direction of the interaction to infer whether
it was indicative of an interaction that was beneficial or
detrimental for plant performance.

Note that, for illustrative purposes, we have repre-
sented the treatments involving suppression of soil biota
(i.e., nematicide and fungicide application) in such a
way that they refer to the presence (natural abundance)
of soil biota, which makes it easier to compare addition
and removal treatments. Thus, H = herbivores (weevil
addition treatment); F = soil fungi (no fungicide appli-
cation treatment); N = nematodes (no nematicide appli-
cation treatment); C = competition (two plants in a pot).
We acknowledge that “presence” in the case of F and N
refers to their natural abundance, rather than to a fixed
addition; however, natural abundances of our focal spe-
cies did not significantly differ among the eight soils
used in the experiment (see Tables 2 and 3). To visualize
whether observed interactive effects of H, F and N on
plant performance lead to a higher or lower plant per-
formance than expected based on their additive contri-
butions, we also plotted estimated values for plant bio-
mass that would have been expected if their effects had
been additive in the figures. For the two-way interac-
tions, these estimated biomasses were simply calculated
as F + N-C, F + H-C or N +H-C, where F, N, and H are
the plant biomass in the presence of only Fungi, Nem-
atodes, or Herbivores, respectively, and C is the plant
biomasses of the control treatment where neither of
these organisms was present. Likewise, for the three-
way interaction the estimated biomass was calculated as
F + N + H-2*C. Calculations were done for plants
grown on each of the eight soil sources separately to
obtain standard errors for the expected biomasses.

Results

Overall, soil fungi had a strongly negative impact on
total plant biomass (Fig. 1, S1a), reducing both root
(Fig. 2, S1b) and shoot (Fig. 3, S1c) biomass
(Table 1). Effects of aboveground herbivores (weevils,
measured two months after a two-week feeding period)
on plant biomass strongly depended on the presence of
soil nematodes (“Nematode x herbivore” interactions,
Table 1). Specifically, total plant biomass and shoot
biomass were strongly reduced (by 32% and 24%, re-
spectively) by aboveground herbivores when nema-
todes were absent, but were not significantly reduced
by aboveground herbivores in the presence of
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nematodes (Figs. 1 and 3, compare “H” and “NH” with
“CTRL”), even though nematodes by themselves did
not affect shoot biomass (Fig. 3) and even slightly
reduced total plant biomass by 10% (Fig. 1). Similarly,
for root biomass we observed that the negative impact of
the aboveground herbivores was stronger in the absence
of nematodes (42%) than in their presence (23%) de-
spite the fact that nematodes by themselves reduced root

biomass by 17% (Fig. 2). This indicates that the nega-
tive effects of aboveground herbivores and soil nema-
todes on plant biomass were far less than additive (72,
62 and 86% less than expected for total, shoot and root
biomass, respectively), i.e. we observed an antagonism
between aboveground herbivores and nematodes in
their negative effects on plant biomass. For total and
root biomass, the strength of this antagonism between
herbivores and nematodes further depended on the pres-

Table 1 Results of GLMs analyzing the effects of aboveground herbivory, soil fungi, soil nematodes, competition, their interactions and
soil source on Triadica sebifera total, root and shoot biomass

Total biomass Root biomass Shoot biomass

Effect df F P F P F P

Nematode 1105 0.2 0.6242 0.1 0.7397 0.3 0.6034

Fungi 1105 50.6 <0.0001 17.0 <0.0001 63.9 <0.0001

Herbivore 1105 11.6 0.0009 28.9 <0.0001 2.8 0.1002

Competition 1105 2.1 0.1472 9.3 0.0029 0.1 0.8126

Nematode × fungi 1105 0.1 0.7047 <0.1 0.9169 0.3 0.6177

Nematode × herbivore 1105 9.5 0.0026 9.4 0.0028 7.1 0.0092

Nematode × competition 1105 0.1 0.7237 <0.1 0.9202 0.4 0.5543

Fungi × herbivore 1105 0.9 0.3437 2.1 0.1542 0.3 0.6148

Fungi × competition 1105 0.9 0.3530 0.5 0.4655 0.9 0.3567

Herbivore × competition 1105 0.5 0.4701 0.2 0.6951 1.8 0.1854

Nematode × fungi × herbivore 1105 4.1 0.0449 4.2 0.0422 3.0 0.0886

Nematode × fungi × competition 1105 <0.1 0.8896 0.3 0.6093 0.3 0.5940

Nematode × herbivore × competition 1105 0.1 0.7442 <0.1 0.9101 0.2 0.6781

Fungi × herbivore × competition 1105 0.1 0.8204 0.1 0.8230 <0.1 0.8443

Nematode × fungi × herbivore × competition 1105 <0.1 0.8752 0.3 0.5886 <0.1 0.9118

Soil source 7105 1.3 0.2754 0.8 0.5842 1.4 0.2253

Significant results are in bold

Table 2 Results of a GLM analyzing the effects of aboveground
herbivory, soil fungicide, competition, their interactions and soil
source on Triadica sebifera root-knot nematode loads in pots in
which nematicide was not applied

Effect df F P

Fungi 1,49 2.5 0.1191

Herbivore 1,49 4.0 0.0513

Competition 1,49 21.6 <0.0001

Fungi × herbivore 1,49 5.5 0.0232

Fungi × competition 1,49 0.7 0.4027

Herbivore × competition 1,49 0.2 0.6234

Fungi × herbivore × competition 1,49 0.9 0.3387

Soil source 7,49 0.6 0.7907

Significant results are in bold

Table 3 Results of a GLM analyzing the effects of aboveground
herbivory, soil nematodes, competition, their interactions and soil
source on Triadica sebifera root arbuscular mycorrhizal coloniza-
tion in pots in which no soil fungicide was applied

Effect df F P

Nematode 1,49 0.3 0.6085

Herbivore 1,49 2.4 0.1284

Competition 1,49 1.9 0.1719

Nematode × herbivore 1,49 0.1 0.7843

Nematode × competition 1,49 0.6 0.4300

Herbivore × competition 1,49 0.2 0.6508

Nematode × herbivore × competition 1,49 0.1 0.7463

Soil source 7,49 0.6 0.7451

Plant Soil (2020) 454:379–393384



ence of soil fungi (significant “Nematode × fungi ×
herbivore” interaction, Table 1). Specifically, the antag-
onism between herbivores and nematodes in their ef-
fects on total and root biomass was weaker in the pres-
ence of soil fungi (48 and 35% less than expected if their
effects had been additive, respectively) than in their
absence (72 and 62%, respectively), indicating that her-
bivores and nematodes more fully exerted their negative
effects on plant root and total biomass in the absence of
soil fungi. By contrast, shoot biomass was consistently
reduced by soil fungi, independent of the presence of
soil nematodes and aboveground herbivores, so for this
trait the strength of the antagonism between above-
ground herbivores and nematodes was not affected by
soil fungi (no significant “Nematode × fungi × herbi-
vore” interaction, Table 1). A similar pattern as

observed for total and root biomass was observed for
plant height at the time weevils were removed (Fig. S2).
Also for this trait, the reduction by a combination of
aboveground herbivores and nematodes (18%) was less
than expected if their effects had been additive (30%)
(“Nematode x herbivore” interaction, Table S1) and the
strength of this interactions depended on the presence of
soil fungi (significant “Nematode × fungi × herbivore”
interaction, Table S1, Fig. S2).

Plant competition (one vs. two plants per pot) slightly
reduced root biomass per pot (from 3.21 ± 0.13 to 2.76
± 0.12 g, Table 1, Fig. S1b), but did not show any
interaction with the above- or belowground biotic fac-
tors in its effect on plant root, shoot or total biomass
(Table 1). Plant competition did affect soil nematode
densities (Table 2). In particular, the number of root

Organisms present
CTRL N F H NF NH FH NFH
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Fig. 1 The dependence of Triadica sebifera total biomass in a pot
on the presence of aboveground herbivores, soil fungi, and/or soil
nematodes. Solid circles represent experimental data and open
circles represent the predicted effects ofmultiple biotic interactions
if their effects had been additive. “CTRL”: control (all biota
absent, i.e. fungicide and nematicide application, no weevil addi-
tion), “N”: only soil nematodes present (fungicide application, no
weevil addition); “F”: only soil fungi present (nematicide applica-
tion, no weevil addition); “H”: only aboveground herbivores pres-
ent (fungicide and nematicide application, weevil addition); “NF”:
soil nematodes and fungi present (no fungicide or nematicide

application, noweevil addition); “NH”: soil nematodes and above-
ground herbivores present (fungicide application, weevil addi-
tion); “FH”: soil fungi and aboveground herbivores present (nem-
aticide application, weevil addition); “NFH”: soil nematodes, soil
fungi, and aboveground herbivores present (no fungicide or nem-
aticide application, weevil addition). Means ±1 SE. Experimental
means with the same letter were not significantly different in post-
hoc tests. Note that the data for the competition and no-
competition treatment have been averaged, since competition did
not show a significant main or interaction effect in the analyses.
The full dataset is presented in Fig. S1a
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knots per pot was four times as high in the competition
as in the no-competition treatment (Fig. 4), whereas the
total root biomass per pot in the competition treatment
was only 14% lower. Nematode root-knot numbers
were also enhanced by aboveground herbivores, but
only in the absence of soil fungi (Fig. 4, Table 2: Fungi
× herbivore interaction). AMF colonization was not
affected by aboveground herbivores, soil nematodes,
competition or any of their interactions (Table 3, Fig. 5).

Discussion

In this study, we explicitly tested for the interactive
effects of an aboveground herbivore (weevil), soil fungi,
and soil nematodes on the performance of the tallow
tree. We found strong non-additive effects of these

organisms on plant biomass and these effects appeared
to be predominantly mediated by antagonistic interac-
tions between the plant-associated organisms, leading to
less negative effects on plant performance than would
be expected from their individual contributions. In par-
ticular, strong antagonism was observed between the
effects of the aboveground herbivore and soil nema-
todes on plant performance, partly mitigating each
other’s negative effects on plant biomass.

Antagonistic effects of soil nematodes on above-
ground herbivores have been observed previously. To-
mato plants infested with the root-knot nematode
M. incognita showed reduced performance of the leaf
mining lepidopteran herbivore Tuta absoluta (Arce et al.
2017). Similarly, performance of the lepidopteran leaf
chewing herbivore Spodoptera litura was reduced on
soybean infested with the cyst nematode Heterodera
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Fig. 2 The dependence of Triadica sebifera root biomass in a pot
on the presence of aboveground herbivores, soil fungi, and/or soil
nematodes. Solid circles represent experimental data and open
circles represent the predicted effects ofmultiple biotic interactions
if their effects had been additive. “CTRL”: control (all biota
absent); “N”: only soil nematodes present; “F”: only soil fungi
present; “H”: only aboveground herbivores present; “NF”: soil
nematodes and fungi present; “NH”: soil nematodes and above-
ground herbivores present; “FH”: soil fungi and aboveground

herbivores present; “NFH”: soil nematodes, soil fungi, and above-
ground herbivores present (for a more complete description see
legends to Fig. 1). Means ±1 SE. Experimental means with the
same letter were not significantly different in post-hoc tests. Note
that the data for the competition and no-competition treatment
have been averaged, since competition did not show any interac-
tion effects with other factors in the analyses. The full dataset is
presented in Fig. S1b
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glycines (Li et al. 2017). However, there are also many
counter-examples. For instance, in tobacco,
M. incognita was found to reduce the synthesis or trans-
port of root-produced nicotine, resulting in better per-
formance of aboveground feeding larvae of the lepidop-
teran herbivore Trichoplusia ni (Kaplan et al. 2008). In
fact, negative effects of plant parasitic nematodes on
aboveground herbivores have been more commonly
observed for sap sucking insects such as aphids than
for leaf chewing insects (see reviews by Biere and
Goverse 2016; Soler et al. 2012; Wondafrash et al.
2013) and these effects are usually attributed to lower
levels of leaf or stem primary metabolites such as amino
acids and nitrogen or enhanced leaf defense (Guo and
Ge 2017). In our experiment, we did not check whether
the nematodes actually reduced the performance of the
weevils themselves, we rather observed that they

reduced the negative effects of weevils on plant biomass
after a period of recovery from herbivory. In principle
this could have been mediated either by attenuating
effects of nematodes on the negative impact of herbiv-
ory itself, or by positive effects of nematodes on the
ability of plants to regrow after herbivory. The data on
plant height immediately following herbivory
(Table S1, Fig. S2) show that the attenuating effects of
nematodes on plant height could already be observed
shortly after herbivory, hence that the effects already
occurred during the period that both nematodes and
weevils were simultaneously feeding on the plant. Since
the percent leaf damage by the shoot herbivores was
similar across treatments, these effects were not mediat-
ed by a lower amount of foliage removal on nematode-
infested plants. Instead we speculate that the nematodes
might have affected the herbivore’s spatial distribution
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Fig. 3 The dependence of Triadica sebifera shoot biomass in a
pot on the presence of aboveground herbivores, soil fungi, and/or
soil nematodes. Solid circles represent experimental data and open
circles represent the predicted effects ofmultiple biotic interactions
if their effects had been additive. “CTRL”: control (all biota
absent); “N”: only soil nematodes present; “F”: only soil fungi
present; “H”: only aboveground herbivores present; “NF”: soil
nematodes and fungi present; “NH”: soil nematodes and above-
ground herbivores present; “FH”: soil fungi and aboveground

herbivores present; “NFH”: soil nematodes, soil fungi, and above-
ground herbivores present (for a more complete description see
legends to Fig. 1). Means ±1 SE. Experimental means with the
same letter were not significantly different in post-hoc tests. Note
that the data for the competition and no-competition treatment
have been averaged, since competition did not show a significant
main or interaction effect in the analyses. The full dataset is
presented in Fig. S1c
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Fig. 4 The dependence of Triadica sebifera root knot nematode
numbers per pot on the presence of aboveground herbivores, soil
fungi, and/or soil nematodes when plants were grown in the
absence (left panel) or presence (right panel) of an intraspecific
competitor. Solid-circles represent experimental data and open-
circles represent the predicted effects of soil fungi and
abovegorund herbivores if their effects had been additive. Sym-
bols “0” on top of the X-axis indicate that no nematodes were
detected in treatment combinations receiving nematicide.

“CTRL”: control (all biota absent); “N”: only soil nematodes
present; “F”: only soil fungi present; “H”: only aboveground
herbivores present; “NF”: soil nematodes and fungi present;
“NH”: soil nematodes and aboveground herbivores present;
“FH”: soil fungi and aboveground herbivores present; “NFH”: soil
nematodes, soil fungi, and aboveground herbivores present (for a
more complete description see legends to Fig. 1). Means ±1 SE.
Post-hoc tests did not reveal significant differences between treat-
ment combinations
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Fig. 5 The dependence of Triadica sebifera root mycorrhizal
colonization levels on the presence of aboveground herbivores,
soil fungi, and/or soil nematodes when plants were grown in the
absence (left panel) or presence (right panel) of an intraspecific
competitor. Solid-circles represent experimental data and open-
circles represent the predicted effects of soil fungi and above-
ground herbivores if their effects had been additive. Symbols “0”
on top of the X-axis indicate that no AMF were detected in
treatment combinations receiving fungicide. “CTRL”: control

(all biota absent); “N”: only soil nematodes present; “F”: only soil
fungi present; “H”: only aboveground herbivores present; “NF”:
soil nematodes and fungi present; “NH”: soil nematodes and
aboveground herbivores present; “FH”: soil fungi and above-
ground herbivores present; “NFH”: soil nematodes, soil fungi,
and aboveground herbivores present (for a more complete
description see legends to Fig. 1). Means ±1 SE. Post-hoc tests
did not reveal significant differences between treatment
combinations
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of feeding within the foliage, for instance by inducing
increased defenses in young foliage (Biere and Goverse
2016; Soler et al. 2012), forcing herbivores to feed on
perhaps older or more basal, less defended leaves. The
value of old vs. young or basal vs apical leaves for plants
can be very different and any nematode-induced shifts
in the spatial pattern of aboveground herbivore feeding
could therefore significantly affect plant fitness (Wang
et al. 2012). Alternatively, nematodes could have re-
duced overall leaf quality, so that a given amount of leaf
loss would have resulted in a lower amount of resources
lost from the plant. For instance, root-knot nematodes
have been shown to reduce foliar nitrogen levels in
tomato (Guo and Ge 2017) and nitrogen and phosphorus
levels in cucumber (Xu et al. 2010). Regardless of the
underlying cause, our finding indicates that antagonistic
interactions between the aboveground insect herbivore
and the belowground nematodes attenuated their nega-
tive effects on plant performance.

Interestingly, the strength of the antagonism between
the weevils and soil nematodes depended on the pres-
ence of soil fungi. More specifically, soil fungi reduced
the extent of antagonism between the aboveground her-
bivore and soil nematodes. The mechanism by which
soil fungi in our experiment counteracted the antagonis-
tic effects of nematodes on herbivores is currently un-
known. AM fungi are well known antagonists of nem-
atodes (Hol and Cook 2005), suggesting that these fungi
could have suppressed the nematodes and their antago-
nistic effects on aboveground herbivores by controlling
nematode numbers in our experiment. However, such a
scenario is only partly supported by our data. Soil fungi
indeed reduced nematode numbers by around 40%, but
only on weevil-infested plants (Fig. 4) and not on
weevil-free plants, suggesting that more complex inter-
actions than a simple antagonistic effect of soil fungi on
nematodes might play a role. Three-way interactions
between nematodes, fungi, and aboveground insect her-
bivores have been investigated previously (e.g. De
Roissart et al. 2013; McCarville et al. 2012; Zhou
et al. 2016). For instance, the simultaneous presence of
a cyst nematode, a leaf stem fungus, and an aphid on
soybean generally reduced the performance of the aphid
and the fungus compared to their presence alone, but
increased the performance of the nematode (e.g.
McCarville et al. 2012). However, the consequences of
such interactions for plant performance have rarely been
investigated, and the mechanisms underlying such ef-
fects are poorly understood. The mechanism underlying

the observed attenuating effect of soil fungi on the
antagonism between the effects of nematodes and shoot
herbivores therefore requires further study. Overall, our
study underscores the importance of considering joint
effects of different above- and/or belowground biotic
interactions on plant performance in future studies.

While the effects of weevils on plant performance
thus strongly depended on the presence of soil biota
(nematodes and soil fungi), soil fungi had a more con-
sistent negative effect on T. sebifera performance (Figs.
1, 2 and 3, compare F, NF and NHF), i.e., even though
the modulation of their effects by nematodes and herbi-
vores was statistically significant, they overall strongly
decreased plant above- and belowground biomass. The
predominantly negative effect of soil fungi in our ex-
periment might indicate that the community of soil fungi
mainly harbored pathogenic fungi, that were not quan-
tified in our study. The predominantly negative effects
of the soil fungi are in line with previous studies in our
system that have reported strong negative effects of soil
fungi on T. sebifera performance in its native range
when plants were exposed to these fungi in the absence
of aboveground herbivory (Yang et al. 2013, 2015a).
Previous studies have found that soil fungi can be strong
drivers of negative plant-soil feedbacks and soil biotic
effects, both of which play an important role influencing
community diversity and the success of biological inva-
sions (van der Putten et al. 2013; van der Putten et al.
2016; Yang et al. 2013, 2019).

Our results show that aboveground herbivores and
soil fungi alone did not significantly affect the abun-
dance of root-knot nematodes, but that there was a
strong interaction between their effects on nematode
abundance. Herbivory in fact strongly increased nema-
tode abundance, but only in the absence of soil fungi.
Positive effects of aboveground herbivores on plant
parasitic nematode numbers have commonly been re-
ported (e.g. Alston et al. 1993; Kafle et al. 2017; Kaplan
et al. 2009; Russin et al. 1993). However, as discussed
above, only few studies have considered three-way in-
teractions between insect herbivores, plant parasitic
nematodes and soil fungi. In our study, we could spec-
ulate that AM fungi competed with nematodes for car-
bon or nutrients that were sequestered in roots in re-
sponse to aboveground herbivory, a process known as
herbivore-induced resource sequestration (Orians et al.
2011). Alternatively, the fungi could have induced sig-
naling responses leading to induced nematode resis-
tance, mitigating the positive effect of aboveground
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herbivory on nematode numbers. In this context,
unraveling the mechanism will need further studies
examining root carbon, nutrients and defense chemicals
and their effects on these soil organisms.

Intraspecific competition reduced root biomass and
increased nematode abundance but did not change the
effect of any of the biotic agents on plant biomass. The
decline in root biomass under intraspecific competition
shows that competition (likely for light) changed allo-
cation of resources to shoots and roots. On the other
hand, intraspecific competition did not change root
AMF colonization, nor the direction of the effect of soil
biota on plant biomass. Interestingly, the number of
root-knot nematodes per unit root biomass increased
more than four-fold under intraspecific competition,
whereas root biomass was only reduced by 14%,
resulting in an enormous increase in the number of root
knot nematodes per pot. This suggests that root-knot
nematodes prosper when plants are grown in close
proximity under higher densities. Plants that grow in
dense stands, such as some mustards, nettles and some
trees are more easily located by herbivores, pathogens,
and, over time, root antagonists such as nematodes
(Bardgett and Wardle 2003; Bennett and Bever 2007;
Downey et al. 2018). Not only do these plants therefore
have to contend with increased intraspecific competi-
tion, but they may also harbor more above- and below-
ground enemies, generating selection to disperse over
time (Jing et al. 2015; Klironomos 2002; Packer and
Clay 2000; van der Putten et al. 2001). Together these
results suggest that intraspecific competition indirectly
affects plant-soil interactions via changing plant bio-
mass allocation patterns and by influencing plant-
parasite interactions.

In conclusion, we found that soil fungi reduced the
extent of antagonism between soil nematodes and the
aboveground herbivore. These results show the critical
importance of considering effects of plant antagonists in
their full biotic context. The joint negative effects of
weevils and nematodes on T. sebifera biomass would
have been grossly overestimated based on their individ-
ual effects, i.e., they are less than would be expected
from their individual effects on plant performance. Our
findings indicate that the simultaneous presence of dif-
ferent attackers can lead to interactions that partly mit-
igate the negative effects of one attacker by another.
This suggests that plants have developed strategies to
cope with simultaneous damage by above- and below-
ground attackers because plants are often attacked by a

wide diversity of above- and belowground organisms in
natural ecosystems (Borgstrom et al. 2018; Erwin et al.
2014; Heinen et al. 2018a, b; Huang et al. 2014; Meier
and Hunter 2018; Scherber et al. 2010). Most impor-
tantly, these results highlight the importance of consid-
ering the roles of diverse above- and belowground spe-
cies and their interactions in regulating plant growth and
population dynamics. We argue that it is necessary for
future studies to evaluate the role of above- and below-
ground biotic interactions on plant community dynam-
ics from a system level viewpoint.
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