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Abstract

Purpose of Review Natural enemies are an important component for forest functioning. By consuming herbivores, they can be
effective top-down regulators of potential pest species. Tree mixtures are generally expected to have larger predator and
parasitoid populations compared to monocultures. This assumption is based on the “enemies” hypothesis, a classical ecological
concept predicting a positive relationship between plant diversity (and complexity) and natural enemies, which, in turn, should
increase top-down control in more diverse environments. However, the “enemies” hypothesis has mostly been tested and
supported in relatively simple agricultural ecosystems. Until recently, research in forests was sparse. We summarize the upcom-
ing knowledge-base for forests and identify forest characteristics likely shaping relationships between tree diversity, natural
enemies (abundance, species richness, diversity), and top-down control. We further identify possible implications for mixed
species forestry and key knowledge gaps.

Recent Findings Tree diversity (almost exclusively quantified as tree species richness) does not consistently increase enemy
abundance, diversity, or result in herbivore control. Tests of the “enemies” hypothesis are largely based on aboveground natural
enemies (mainly generalists) and have highly variable outcomes across taxa and study systems, sometimes even finding a
decrease in predator diversity with increasing tree diversity. Recurrent effects of tree species identity and composition indicate
that a closer focus on tree functional and phylogenetic diversity might help to foster a mechanistic understanding of the specific
circumstances under which tree diversity can promote top-down control.

Summary Our review suggests that the “enemies” hypothesis may not unambiguously apply to forests. With trees as structurally
complex organisms, even low-diversity forests can maintain a high degree of habitat heterogeneity and may provide niches for
many predator and parasitoid species, possibly blurring correlations between tree and natural enemy diversity. Several further
factors, such as latitude, identity effects, intraguild predation, or functional and phylogenetic components of biodiversity, may
confound the predictions of the “enemies” hypothesis. We identify topics needing more research to fully understand under which
conditions tree diversity increases natural enemy diversity and top-down control—knowledge that will be crucial for forest
management.

Keywords Arthropod - Complexity - Herbivore - Mixed species forestry - Pest control - Predation - Top-down effects

Introduction

This article is part of the Topical Collection on Forest Entomology

In the light of recent declines in forest biodiversity [1], policy
>4 Michael Staab makers and forest managers are increasingly adopting more

michael.staab @nature.uni-freiburg.de ecologically sustainable management strategies that can help
to promote biodiversity and its functional benefits [2, 3]. In
terms of biodiversity and forest functioning, natural enemies
(i.e., including vertebrate and invertebrate predators and in-
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disturbances [7]. The strength of top-down effects can depend
on natural enemy diversity [8¢], and promoting this diversity
might therefore contribute to natural biocontrol [5, 9—11].
The diversity of natural enemies in a forest stand, in
turn, depends on environmental conditions and structural
attributes that modify niche space and resource avail-
ability [12, 13, 14¢]. Thus, developing strategies for
sustainable and environmentally friendly forest manage-
ment should consider sustaining predators and parasit-
oids. Tree species mixtures are generally expected to
increase the resilience of forest stands compared to
monocultures, for example, in relation to climate change
and associated abiotic and biotic disturbances such as
insect herbivore outbreaks [15, 16]. At the same time,
tree species richness might promote the biodiversity of
associated heterotrophic organisms (e.g., [13, 17¢]),
which in turn can have important consequences for eco-
system functioning [18, 19]. For natural enemies and
their diversity, these relationships are explicitly ad-
dressed by the “enemies” hypothesis (Box 1, Fig. 1).
First summarized in the influential paper by Root [20]
and critically elaborated on over time (e.g., [21, 22]),
the “enemies” hypothesis posits that more diverse habi-
tats stabilize predator and parasitoid population dynam-
ics and promote their abundance and diversity because
of a higher diversity and stability of prey and other
resources. This, in turn, should lead to higher predation

Predators

pressure, parasitism, and more effective control of her-
bivores (Box 1).

Box 1 Theoretical foundations and predictions of the “enemies”
hypothesis for forests

The “enemies” hypothesis was originally postulated by Root in 1973
[20], who had studied arthropod communities on Brassica oleracea
planted in monoculture and interspersed with diverse meadow
vegetation. According to the hypothesis, predators (and other natural
enemies such as parasitoids) are more effective at controlling herbivore
populations in diverse than in simple vegetation (Fig. 1). Root’s main
explanation was via population stability (for generalized predators/-
parasitoids) because in diverse habitats, natural enemies can use a wide
variety of prey and because prey populations are temporarily more
stable. For specialist enemies, he predicted that populations would
fluctuate less “because the refuge provided by a complex environment
enables host species to escape widespread annihilation” [20].

The intuitive predictions of the “enemies” hypothesis are often supported
in agricultural ecosystems (e.g., [21, 23, 24]). However, it might be that
in communities with long-lived plant individuals, such as forests, plant
diversity-facilitated top-down control might differ from annual com-
munities where consumer assemblages need to reassemble anew each
year. Mechanistically, species-rich forest stands are predicted to in-
crease predator abundance and diversity, which subsequently increases
predation pressure towards herbivores. Alternatively, predators might
also be more active or efficient when tree diversity is high, or intraguild
predation might be lower in more diverse habitats [25]. Tree diversity
could work via increased habitat heterogeneity or by stabilizing re-
sources (prey, shelter, alternative food sources such as nectar), or by
forcing herbivores to move more between different plants and thus
increasing predation risk [26].

Tree diversity

Fig. 1 Schematic representation of the pathways involved in the
predictions of the “enemies” hypothesis applied to forests. (1) Low
plant diversity (here: tree species richness) creates uniform habitats and
low resource availability (here: specialized herbivore populations). (2)
High plant diversity provides a higher diversity of resources (both in
terms of alternative prey and other resources, here: structures to attach
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spider web types). (3) These patterns lead to stronger promotion of
predators (in terms of abundance, diversity, or population stability) in
more diverse plant communities, (4) which in turn results in stronger
top-down effects on herbivores. Clip art from https://pixabay.com is
licensed for use in the public domain without copyright (Creative
Commons Zero 1.0)
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The “enemies” hypothesis has been tested predominantly
in agroecosystems and grasslands so far, for which reviews,
meta-analyses and large-scale experiments show that its pre-
dictions hold in many cases (e.g., [21-23, 27]). However,
whether these findings can be transferred to forests is an on-
going matter of debate. Consisting of long-lived and structur-
ally complex organisms with a high standing biomass (i.e.,
trees), forests differ substantially in their structural character-
istics and temporal dynamics from simplified agroecosystems
and grasslands [17+, 28]. Explicit and properly designed tests
of the “enemies” hypothesis in forests are much less common
[29] and almost exclusively restricted to aboveground organ-
isms. For example, meta-analyses from agroforestry systems,
which are structurally related to forests, indicated the important
role of predators (particularly birds) in ecosystems with trees
[30, 31], however without considering effects of tree diversity.
Moreover, the high variability in management and climatic
conditions under which forests grow complicate generalizations
of the available data (e.g., [32]). For example, early analyses in
boreal forests did not find consistent effects of tree species
richness on the abundance of predatory arthropods [33].
While a few subsequent studies of other forest ecosystems
found support for the predictions of the “enemies” hypothesis
(e.g., [34, 35]), many others were unable to detect positive
relationships (e.g., [36]). In some cases, tree species composi-
tion rather than tree species richness influenced predator com-
munities (e.g., [33, 37]). Meanwhile, over the last decade, more
studies, notably from an increasing number of tree diversity
experiments [29], have tested the “enemies” hypothesis in for-
est ecosystems with a focus on aboveground organisms. This
newly accumulated literature allows for a synthesis and an eval-
uation of the conditions and possible limitations under which
the “enemies” hypothesis applies in forest ecosystems (Fig. 1).
Furthermore, it is now possible to summarize how concordance
with, and potential deviations from, the predictions of this hy-
pothesis can inform forest management. The aims of our review
are therefore to (1) provide a summary of current knowledge,
with a focus on studies published over the last 5 years; (2)
determine the characteristics of forest communities that might
shape the relationship between tree diversity, predator diversity,
and top-down control; (3) discuss the enemies hypothesis with
respect to mixed species forestry and identify knowledge gaps
and promising topics for future research.

Recent Developments on the “Enemies”
Hypothesis in Forests

For our review, we focused primarily on research published
within the last 5 years, but additionally considered earlier
studies when there was a lack of current work on specific
aspects. Our literature search was based on queries of the ISI
Web of Knowledge using “predator” OR “enemy” OR

“parasitoid” AND “forest” OR “tree” AND “diversity” as
search terms, as well as checking all papers citing Root’s
[20] original reference to the “enemies” hypothesis. We in-
clude experimental studies from tree diversity experiments
[29] and observational studies from natural forests. While di-
versity experiments allow for causal inference, we opted for
including observational studies. Otherwise, we would consid-
erably restrict the literature available for synthesis, which
would only refer to very young forests, as most tree diversity
experiments where established rather recently.

In the following, we summarize main developments based
on exemplary studies, separated by major taxa (spiders, ants,
beetles, parasitoids, birds, and bats). The separate treatment
per taxon reflects the prevalence of studies focusing on indi-
vidual taxonomic groups of enemies, rather than addressing
the multi-taxon community of natural enemies that might con-
tribute to top-down control in forests. This is a sensible ap-
proach when considering that some early studies (e.g., [33])
found positive correlations between tree diversity and the
abundance of individual predator taxa. As taxon-specific stud-
ies may also form the bulk of “enemies” hypothesis tests in the
nearer future, the separation by taxa in the next section pro-
vides specific summaries on which further work can build.
Nevertheless, different groups of predators can interact in
multiple ways [38, 39, 40+°] and net top-down control may
be a result of these interactions. We therefore also summarize
results for recent multi-taxon studies.

We note that almost all taxon-specific research focused on
rather generalist natural enemies. Explicit tests of the “ene-
mies” hypothesis for more specialized predator taxa such as
lacewings, ladybird beetles or hoverflies are lacking (but see
[41]) and thus not part of this review.

Spiders

Spiders are among the dominant invertebrate predators in ter-
restrial ecosystems, including forests. As generalist predators
inhabiting all strata from the soil to the canopy, spiders play an
important role in forest food webs [6]. Recent studies on spi-
der communities and their relationship with tree diversity are
available from temperate as well as (sub)tropical forests.
Comparisons of monocultures with two-species mixtures in
Ireland found no significant effect of tree species richness on
spider species richness [42, 43]. Spider abundances varied
among stand types, but were influenced by tree species iden-
tity rather than tree species richness. A very similar pattern
was found in a temperate tree diversity experiment [37], con-
curring with the strong tree species-specific patterns for spider
abundance reported earlier [33]. In contrast, species richness
and abundance of web-building spiders on mahogany
(Swietenia macrophylla) was higher in mixtures of tropical
tree plantations than in mahogany monocultures [44].
Although not explicitly tested in that study, higher
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microhabitat or prey availability was speculated as drivers of
these patterns [44] (and very likely apply across enemy taxa,
see below). Interestingly, an earlier study on the same exper-
imental study plots focusing primarily on freely hunting spi-
ders (salticids) showed that the abundance of these spiders
was not significantly related to tree species richness [45].

All of these studies tested relatively short gradients of tree
species richness, which may increase the likelihood of effects of
tree species identity [46] because the relative contribution of
each tree species to the species pool is larger at low tree species
richness. Using managed forests with a larger pool of altogether
15 tree species, and study plots from monospecific stands to
mixtures with 3—5 tree species, an observational study in man-
aged forests [13] found that spider species richness and abun-
dance were positively related to tree species richness across
Europe. In subtropical Chinese forests characterized by higher
levels of tree and spider species richness, spider abundance and
species richness were not positively related to tree species
richness—mneither in natural forests (negative relationship;
[36]) nor in a large-scale tree diversity experiment (no relation-
ship; [47]). However, the functional diversity of the spider as-
semblages in the natural forest sites increased with tree species
richness [48], highlighting that different components of predator
diversity can show deviating patterns. The same might apply for
the quantification of tree diversity. The tree identity effects ob-
served in several of the studies summarized above could be an
indicator that tree functional diversity would capture tree diver-
sity effects on predators in a better way (see also [17¢], but see
[13]). Nevertheless, experimental studies on the effects of tree
functional diversity on predators are still scarce. For the natural
subtropical forest discussed above, however, the abundance of
spiders was unrelated to tree phylogenetic diversity [49], a po-
tential proxy of functional diversity [50, 51].

Predatory Ants

Similar to spiders, ants are ubiquitous arthropods in forests.
While ants are traditionally seen as predators, not all ants are
strictly predatory [52]. Many species that forage on trees ac-
quire part of their energy from plant-based sources by
collecting nectar [53], by taking sap from herbivore-induced
wounds [54], and especially by tending Hemiptera for honey-
dew [55]. The latter interaction is often referred to as
trophobiosis, which is a tri-trophic interaction between plants,
sap-sucking Hemiptera, and ants. While Hemiptera are herbi-
vores consuming plant sap, ants frequently establish a food-
for-protection mutualism, in which they protect the sap-
suckers against natural enemies in reward for honeydew.
This trophic flexibility in a key predator taxon complicates
the inference regarding the “enemies” hypothesis, especially
when ants facilitate sap-sucking herbivores whose prevalence
can increase with tree diversity [54, 56, 57], which might
negate their net effect on herbivore control (sensu [58]).
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Nevertheless, even those ants preferably foraging for plant-
based resources affect other arthropods and can reduce the
densities of herbivores [59]. Likewise, ants may interfere with
other predators, particularly spiders [39, 60].

A recent observational study found positive effects of tree
species richness on predatory, but not omnivore ant species rich-
ness in the abovementioned subtropical forests where spider spe-
cies richness declined with increasing tree species richness [35].
Similarly, the species richness and occurrence of Hemiptera-
tending ants [57] increased with tree species richness in a sub-
tropical tree diversity experiment spanning a gradient in tree
species richness from monocultures to 24-species mixtures. A
study on leaf litter ants in the same experiment revealed positive
correlations between tree species richness and ant abundance,
species richness and phylogenetic diversity [61¢¢], indicating that
the “enemies” hypothesis can apply to forest-floor organisms
that do not directly interact with trees. A positive effect of tree
species richness on ant species richness was also observed in
species poor, managed forests in temperate Europe, although
effects were weaker than those of tree species identity [62].

In contrast, litter ant abundance and species richness in a
young Australian tree diversity experiment were unrelated to
woody plant species richness [63]. Likewise, ant abundance
did not differ in an experiment comparing mahogany mono-
cultures to mixtures of four tree species [56]. Fewer studies
have directly tested how tree diversity affects the potential
top-down effects of ants on other organisms. For example,
ants were largely responsible for increased predation rates
on artificial caterpillars with increasing tree diversity in natu-
ral tropical forests [64]. Finally, an experiment with saplings
of three pine species observed an increase in ant abundance
with increasing pine tree species richness and a concomitant
decrease in the abundance of other predators and non-aphid
herbivores—a pattern that was absent on trees where ants had
been experimentally excluded [65].

Predatory Beetles

Of the predatory beetle families that are abundant in forests,
ground beetles (Carabidae) are by far the most-studied taxon.
Although not all ground beetle species are predators, assem-
blages in forests are frequently dominated by predatory spe-
cies [66]. As for other predatory arthropods, tests of the “en-
emies” hypothesis have shown variable outcomes. In 150
managed forest stands across Germany, ground beetle species
richness and the richness and abundance of rove beetles were
positively related to overall vascular plant diversity [67]. In
northeast China, positive correlations between woody plant
and ground beetle species richness occurred only in mature,
but not in younger secondary forests [68], highlighting that
forest age and subsequent successional changes in structural
properties can moderate the “enemies’ hypothesis. In contrast,
abundance and species richness of ground and rove beetles did
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not differ consistently between monocultures and two-species
mixtures in plantation forests in Ireland ([42, 43], see also [69]
for similar results). Likewise, a lack of tree species richness
effects on ground beetle species richness was observed in a
tree diversity experiment in France, but the abundance of
ground beetles was positively related to overall vegetation
diversity in this study [70]. Predatory beetles (unspecified
families) in the litter layer of managed temperate forests were
not influenced by tree diversity, although the effect of tree
diversity was indirectly inferred via effects on herbivore di-
versity [71].

A range of studies have analyzed the response of canopy
beetles to changes in tree diversity, for example, in mature
forests in Germany, where the species richness of predatory
beetles in tree canopies significantly increased with tree spe-
cies richness [72]. However, most canopy studies did not dis-
tinguish between predatory and non-predatory species (e.g.,
[73]). The general dearth of explicit tests of the “enemies”
hypothesis for canopies (apart from the canopies of young
trees in experimental plantations) exemplifies that higher for-
est strata are still understudied [74].

Parasitoids

Several earlier observational studies in forests have shown
that parasitoid abundance and diversity can be regulated
bottom-up by increasing host diversity and abundance via
plant diversity [75, 76], and that this can result in higher par-
asitism rates of herbivores [76]. Recent studies confirmed
these patterns, but showed that tree species richness is not
necessarily the main driver [77]. Additional components of
tree diversity, such as tree functional [78¢], phylogenetic
[14¢], or structural diversity [17¢], may better explain variation
in parasitoid diversity and abundance than tree species rich-
ness. However, positive relationships between plant and par-
asitoid diversity in forests are not universal. Abdala-Roberts
etal. [79] found in a tree diversity experiment no effect of tree
species richness and mahogany genetic diversity on parasitoid
species richness and parasitism rates of a dominant herbivore
on mahogany. These findings were possibly due to the fact
that the parasitoids were largely generalists able to use differ-
ent herbivore hosts and therefore unaffected by changes in
herbivore diversity or composition with changing tree diver-
sity. This points to the effects of diet specialization as a further
moderator of how the “enemies” hypothesis applies to natural
enemy communities in forests [80, 81] and emphasizes the
need for more studies on specialized natural enemy taxa,
which appear underrepresented in the literature so far.

Birds and Bats

In addition to predatory arthropods, vertebrate predators can
play an important role in top-down control in forest

ecosystems, with potentially larger effects of insectivorous
birds in boreal and temperate regions than in the tropics [82,
83]. This indicates that the importance of different groups of
predators, and thus their relevance for testing the “enemies”
hypothesis, can vary across regions.

Bird and bat abundance (or activity, in the case of bats) and
species richness were not related to tree species richness in an
observational study in Germany [84+¢]. For a further observa-
tional study across Europe, bird species richness and abun-
dance were significantly negatively related to tree species
richness, but positively related to tree functional diversity,
which mediated tree species richness effects [13]. Here, bat
activity and species richness were unrelated to tree species
richness and tree functional diversity, but negatively associat-
ed with the vertical heterogeneity of forest strata. In a boreal
tree diversity experiment, bird predation of artificial caterpil-
lars increased with tree species richness at the scale of directly
neighboring trees, potentially due to easier access to prey [85].
In contrast, plot-level predation was unrelated to tree species
richness and decreased with increasing tree height variability
[85]. At both spatial scales, tree species identity strongly in-
fluenced predation rates. Tree species identity effects were
also indicated in a bird exclusion experiment in mature tem-
perate forest stands, where herbivory on oaks (but not on two
other tree species) increased with the proportion of conspe-
cifics in the overstory (i.e., in a less heterogeneous environ-
ment; [86]).

In a subtropical forest experiment, bird predation likewise
increased with tree species richness for only one out of three
tested tree species [87]. Higher abundance as well as function-
al and phylogenetic diversity of birds and higher predation
rates were found in tree mixtures compared to monocultures
in a tropical tree diversity experiment [88]. Interestingly, bird
predation can be related to herbivore diet specialization [89].
This indicates that not only the degree of specialization of
predators but also the diet breadth of the prey organisms
(and the associated probability of being found by predators
[26]) can influence results of plant-herbivore-predator
interactions.

Multi-taxon Approaches and Synthesis

Several studies have attempted to analyze patterns of overall
predator (and parasitoid) species richness and abundance, ei-
ther by pooling data across taxa (which might, however, mask
taxon-specific patterns) or by simultaneously addressing re-
sponses by different taxa. Considering the heterogeneity of
results for individual taxa, it might not be surprising that
multi-taxon approaches did not find a consistent pattern.
Across 150 managed forest stands in Germany, the species
richness of arthropod predators specialized to forests correlat-
ed positively with tree species richness, while the overall ar-
thropod predator abundance and species richness were
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unrelated to tree diversity and showed a strong influence of
tree species identity instead [84e¢]. In a young temperate tree
diversity experiment, overall predator abundance was not re-
lated to tree species richness, but abundances increased with
higher tree phylogenetic diversity [90]. Likewise, overall
predator abundance and species richness were indirectly relat-
ed to tree species richness in a subtropical tree diversity ex-
periment [ 17¢], where predator species richness increased with
tree functional diversity while predator abundance decreased
with tree structural diversity (potentially because uniform
structure promoted dominant web-building spiders [17¢]).
Similar results were found in a natural subtropical forest,
where enemy species richness was positively related to tree
phylogenetic diversity, but not to tree species richness, which
was nevertheless positively correlated with phylogenetic di-
versity [14+].

While these studies provide valuable insight into multi-
taxon relationships and include a larger share of the enemies
that can exert top-down control in forest ecosystems, they
cannot, similar to taxon-specific studies, account for potential
interactions among different predatory taxa (see below). For
example, if certain taxa have a disproportionate effect on the
biocontrol of important herbivores, pooling data of many dis-
parate taxa might potentially mask the role of individual pred-
atory taxa. However, if many predators together contribute in
additive or facilitative ways to top-down regulation, studies on
overall predator diversity can provide insight into a larger
share of potential actors in natural biocontrol (sensu [91]).

Overall, the recent literature for individual enemy taxa and
for multi-taxon approaches suggests that patterns for forest
ecosystems are not consistent. In some groups (e.g., ants),
positive relationships with plant diversity generally seem to
be more pronounced than in others (e.g., spiders). While a
publication bias towards reporting significant relationships
might influence the literature, this seems unlikely considering
the many studies reporting a lack of tree diversity effects. In
this context, a focus on species richness as a measure of bio-
diversity (both for trees and for predators) might fall short of
assessing the relevance of the “enemies” hypothesis for for-
ests. Incorporating alternative components of biodiversity,
such as functional, phylogenetic, or structural diversity, may
provide more nuanced and mechanistic inference.
Importantly, the “enemies” hypothesis predicts that predator
populations are more stable and predators are more efficient in
more complex vegetation. Most studies only indirectly assess
these relationships by looking at predator abundances and
diversity or by assessing artificial prey, i.e., metrics that are
not necessarily strongly related to population stability and
performance. Furthermore, almost all studies sample only
one or few time points, which makes it difficult to capture
temporal dynamics (stability vs. fluctuations) in resources
and populations that could influence the outcome of “ene-
mies” hypothesis tests.

@ Springer

Exploring Potential Factors Confounding
the “Enemies” Hypothesis in Forests

One main aim of this study was to synthesize the most current
literature (published within the last 5 years) for an up-to-date
overview of recent developments in the field. The limited
number of publications precluded a formal meta-analysis that
is beyond the scope of this review (see [23] for the most recent
meta-analysis on relationships between plant and arthropod
diversity). Nevertheless, there are several plausible explana-
tions for why relationships in forests are highly heterogeneous
(Table 1), which will be elaborated on in the next paragraphs.
For this, we derive common themes from the taxon-specific
summaries given above.

Timing and Phenology

Many forests are located in seasonal climates, where resource
availability and arthropod populations fluctuate over the
course of the seasons. This applies to all temperate and boreal
forests but also to many tropical and subtropical forests such
as monsoon or dry forests. In temporally unstable ecosystems,
shifts in relationships between tree diversity, herbivores, and
predators during forest phenology are likely, but remain vir-
tually unexplored. In a mature beech (Fagus sylvatica) forest
in Germany, relative predator abundance increased with tree
diversity only early but not late in the growing season [34],
indicating that “enemies” hypothesis effects may be most pro-
nounced during peak conditions when herbivore abundance is
highest. If such seasonal shifts are widespread, time of data
collection and sampling may at least partly explain the ob-
served variability among studies. The often density-
dependent response of natural enemies to herbivore popula-
tion density [97], which is expected to be stronger for more
specialized enemies, may play a role in this context. While
density dependence influences herbivore population dynam-
ics [98], this extensive topic goes beyond the scope of this
review.

Latitude and Climate

Plant, herbivore, and predator diversity show steep latitudinal
gradients with generally highest species numbers at low lati-
tudes (e.g., [92]). Tree diversity in tropical forests is orders of
magnitude higher than in, e.g., boreal forests, and differences
in absolute and relative tree diversity may at least theoretically
influence “enemies” hypothesis studies. Even though herbi-
vore density increases towards the equator, there is no consen-
sus whether leaf damage is systematically related to latitude
[99]. Predator activity correlates at broad spatial scales with
latitude, with highest activity—which is often taken as a proxy
for actual predation—in the tropics [83]. Regionally, the level
of leaf damage is more variable. For example, in eastern North
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Table 1 Overview on factors

potentially influencing the Influencing factor

Potential mechanism

Selected references

predictions of the “enemies”
hypothesis in forests Timing and phenology

Latitude and climate

Species diversity and trophic interactions increase

Seasonal fluctuations in resources [34]

[83, 92, 93]

towards the equator

Type of study

Trophic complexity
Identity effects

Non-tree plant species

Structural differences between natural forests and [29]
tree diversity experiments
Intraguild predation [25,94]
Tree or predator identity overrule tree diversity [37, 85]
Diversity of non-woody plants drives the “enemies” [95, 96]
hypothesis
Functional and (phylo)genetic diversity more [14e, 17¢]

Measure of diversity

influential than species richness

America, herbivory decreased with latitude [100], potentially
reflecting higher top-down control by predators in warmer
climates (which also have more tree species) [93]. This may
be related to the higher activity of ectothermic arthropods with
increasing temperature, giving mobile predators energetic ad-
vantages over mostly sedentary herbivores (e.g., caterpillars).
Nevertheless, a purely energetic perspective on geographic
variation in herbivory is too simplistic. At tree species level,
damage and defense traits covary with climate [101], which
may interact with top-down control, but there seems to be no
consistent difference in tree diversity effects on predators be-
tween lower and higher latitudes. Considering that many of
these studies were conducted at the level of individual forest
stands, other factors may modify latitudinal effects on
predators.

Type of Study (Tree Diversity Experiment vs. Natural
Stand)

A growing number of tree diversity experiments (e.g., within
the TreeDivNet consortium, [29]), where the number of tree
species planted per area is manipulated, have recently allowed
to mechanistically test ecological hypotheses in response to
tree diversity in young forest stands. As these experiments
permit the identification of causal relationships, it is not sur-
prising that a substantial number of contemporary “enemies”
hypothesis studies were conducted in tree diversity experi-
ments (e.g., [17+, 35, 37, 61, 63, 70, 90, 102]). In turn, in
natural and managed mature forest stands, tree diversity often
co-varies with many abiotic and biotic environmental proper-
ties, making it more challenging to separate diversity effects
per se.

Initial experimental studies and meta-analyses in forests
suggested that higher predator diversity and stronger top-
down control with increasing tree diversity are primarily
found in systems with low overall tree diversity [15, 33].
Thus, the outcome of the “enemies” hypothesis could depend
on the type and diversity of the forest, with theoretically stron-
ger a priori expectations (and notably the requisites to obtain

causality) for tree diversity experiments, where trees are
planted regularly and have the same age (but note that even
the most diverse planted tree stands do often not reach the tree
diversity of natural forests, especially at low latitudes). Tree
diversity experiments usually include monocultures and other
low-diversity mixtures, and the relative increase in tree diver-
sity for each added tree species is larger when diversity is low,
which may influence relationships with natural enemies. For
example, plot tree diversity increased ant diversity in experi-
mental [61¢¢] and natural forests [35] in southeast China.
However, increases in natural forests were weaker, which
may either indicate that natural community assembly dampens
“enemies” hypothesis effects or might reflect the stronger rel-
ative increase in tree species richness in the diversity
experiment.

However, “enemies’ hypothesis effects seem not to be sys-
tematically stronger in tree diversity experiments. Studies
found positive (e.g., [61¢°, 70, 102]) as well as neutral (e.g.,
[17.,45, 63,79, 103]) and mixed (e.g., [37, 90]) relationships
between tree diversity and predators in such experiments.
Similarly, in natural stands, the full range of possibilities
was reported, from increases of predator abundance and di-
versity with tree diversity [14¢, 35, 62] to decreases [36], with
several studies also finding no effects (e.g., [84¢¢]). In sum-
mary, and bearing in mind the differences between experi-
mental and observational studies, the type of study system
might not determine outcomes in the literature regarding the
“enemies” hypothesis. As all tree diversity experiments are
still relatively young when compared to natural forests and
have not yet acquired features of mature forests (e.g., dead-
wood, microhabitats), it will be interesting to see whether
results are consistent over time and hold once tree diversity
experiments mature and enter succession. Repeated sampling
in tree diversity experiments, where tree composition is
known and temporarily stable, will also be one possible ap-
proach to generate long-term data, which are, for example,
necessary to investigate resource dynamics and density depen-
dence in enemy populations or to perform systematic compar-
isons across ecosystems.
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Trophic Complexity

Linear food chains with organisms in one trophic level only
consuming from the next lower trophic level are not the rule in
nature. For example, many predators, such as spiders or insec-
tivorous birds, partly target other predators, a phenomenon
termed intraguild predation (sensu [25, 94]). Tree diversity—
mediated effects on herbivores might therefore depend on
how tree diversity influences intraguild predation [25].
Individual predator taxa can respond differently to tree diver-
sity, which may change predator community structure and
interactions, but there is only limited data on intraguild inter-
actions in forests. For example, the presence of ants can indi-
rectly shift spider communities [60] from active hunters (more
vulnerable to ants) to web builders (less vulnerable), with
stronger changes in more diverse forests [39], giving some
insight into how tree diversity may relate to intraguild inter-
actions. In turn, different enemies can also be complementary,
for example, when birds and ants as generalized predators
have additive effects on caterpillar suppression as long as bird
predation on ants is limited [40e].

A further dimension of trophic complexity may arise when
predators are facultatively omnivorous [104], which is espe-
cially noteworthy for ants that consume honeydew from sap-
sucking Hemiptera [54, 105]. However, the predaciousness of
ants may—in line with the “enemies” hypothesis—increase
with tree diversity [106]. As for intraguild predation, such
diversity-dependent changes in indirect relationships may
contribute to explaining why “enemies” hypothesis relation-
ships in forests are highly heterogeneous.

Testing of the “Enemies” Hypothesis Is (Often)
Imprecise

Root’s [20] original formulation of the “enemies” hypothesis
was derived from comparing “simple” with “diverse” habitats
(Box 1). Diversity and complexity/heterogeneity were treated
synonymously. Without doubt, plant diversity increases many
components of habitat heterogeneity (e.g., [17¢]) but most for-
mal tests of the “enemies” hypothesis have focused on plant
diversity per se (usually as plant species richness). This ignores
that habitat properties beyond plant species richness may be
relevant for natural enemy populations and variations therein,
a view already expressed by Root [20] because “diverse habi-
tats offer many important requisites for adult parasitoids and
predators [...], that are not available in a monoculture”.
However, forests are constituted by structurally complex
and long-lived organisms (i.e., trees) that even at low diversity
maintain a comparatively high degree of complexity and het-
erogeneity. The high biomass and the many resources con-
nected to an individual tree give them the character of “key-
stone structures” (sensu [107]). Consequently, the
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relationships postulated by the “enemies” hypothesis might
be weak in forests as even species poor stands (including
monospecific stands) have already a relatively high degree
of complexity that allows for the existence of diverse predator
communities. This assumption would also fit to the so far
accumulated evidence that support for the “enemies” hypoth-
esis comes predominately from comparatively simple ecosys-
tems (such as agroecosystems and grasslands) [23, 24]. In the
following, we will explore how (mostly tree-related) proper-
ties of species might relate to the “enemies” hypothesis.

Identity Effects

The outlined keystone properties of trees suggest that effects
exerted by the identity and particular traits of a tree species can
be important for shaping relationships with predators. Trees
with distinct traits are known to increase or decrease predator
abundance and diversity, partly explaining the variable study
outcomes regarding the “enemies” hypothesis. One example
are trees with extrafloral nectaries, which are common in
(sub)tropical forests [53]. These trees engage in a food-for-
protection mutualism by offering nutritious nectar in vegeta-
tive plant parts that attracts particularly ants [108, 109]. Thus,
the presence of extrafloral nectary trees may increase ant den-
sity, with plants benefiting through reduced damage and in-
creased reproduction [59]. While trees with extrafloral nectar-
ies do not generally grow faster or have higher survival than
trees without [110], extrafloral nectar can facilitate top-down
control on co-occurring trees lacking this defense trait [111],
which may facilitate community-level tree growth [112].
Nectar is generally an important food supplement for non-
ant predators and parasitoids [113, 114], making it likely that
the presence of extrafloral nectar trees interferes with “ene-
mies” hypothesis effects. Nevertheless, identity effects can
also be negative. For example, the presence of exotic
Douglas fir (Pseudotsuga menziesii) decreased spider abun-
dance independently of tree species richness when this tree
species was included in mixed experimental plantings [37].
Identity effects are not restricted to single species and can
arise from specific tree compositions that overrule tree diver-
sity in explaining natural enemies and top-down control [9].
Most evidence comes from mixing conifers with broadleaved
trees [33], where mixtures had higher parasitoid abundance
[115] and overall predator richness [84¢¢]. For the pine sawfly
(Neodiprion sertifer) in Scandinavia, mortality rates were
higher in mixed stands than in pine monocultures [116],
which was mediated top-down by ant abundances ([117],
see also [9]). In the same observational system, parasitism
rates of sawfly larvae increased with host tree size [11], sug-
gesting size-dependent identity effects. Similarly, predators
may preferably forage on specific tree species, which can in-
fluence the relative abundance of predator guilds. This has
been shown for birds [85] in tree diversity experiments as trees
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with dense canopies may be avoided by birds and thus have
more predatory arthropods, likely because bird movement is
hindered [118].

The “enemies” hypothesis essentially makes predictions at
the community level. Yet, populations of individual predator
species may react differently to tree diversity. While overall
predator abundance is predicted to increase with tree diversity,
individual numbers for some enemy species may also de-
crease in more diverse forest stands, as has been shown in
observational studies for parasitoids of spruce budworm [80]
and for specialist vs. generalist enemies of pine sawfly [81].
Such species-specific responses are conceptionally equivalent
to identity effects (this time exerted by predators), for exam-
ple, when tree diversity benefits a dominant predator species
with subsequent influences of predator identity on the entire
species community (e.g., [61¢, 106]).

Non-tree Plant Species

Even though trees dominate by biomass, they are not the only
plant life form thriving in forests and “enemies” hypothesis
effects may go beyond trees. In temperate and boreal forests
with relatively low tree species richness, understory herb di-
versity can be considerably larger than tree diversity. Thus,
tests of the “enemies” hypothesis only considering relation-
ships with tree diversity may miss parts of the plant diversity-
related response of predators (e.g., [64]). While the relative
importance of understory vegetation in comparison to trees is
hard to gauge, many parasitoids depend on nectar from
flowering herbs and nectar supply can be higher and tempo-
rarily more stable when understory plant diversity is high [95].
For example, in willow short rotation coppice, flowering un-
derstory weeds improved the biological control of a pest (blue
willow beetle Phratora vulgatissima) by increasing predator
and parasitoid diversity [96], indicating how non-tree plants
can relate to the “enemies” hypothesis. Likewise, in tropical
forests, epiphytes and climbing plants can be diverse and con-
stitute habitats for many predators [119], but have not been
researched in regard to the “enemies” hypothesis.

Measure of Diversity

Traditionally, plant diversity has been quantified as species
richness, which was also the measure of choice for most “en-
emies” hypothesis studies. While species richness is intuitive,
it is unlikely the number of species per se that shapes the
properties of a forest, but the (dis)similarity in the traits and
niches related to the trees (sensu [50, 51]). Thus, functional
and phylogenetic diversity, which, respectively, quantify
expressed traits and evolutionary relatedness of tree commu-
nities, can be superior to species richness when investigating
bottom-up effects of tree diversity [14, 17¢].

The same argument can be made for a top-down perspec-
tive, and some of the inconsistencies among studies may in
fact arise from the use of very different metrics to quantify
natural enemy diversity or top-down impact (from species
richness to diversity indices, from abundance or activity to
predation rates). Many studies assessed species richness or
abundance of natural enemies, which both do not necessarily
relate to herbivore control. Species richness, for example,
lacks information about functionality or potential intraguild
interactions, which could make relationships between enemy
species richness and top-down control highly taxon-specific
[120, 121]. The same applies to natural enemy abundance
(including activity-dependent proxies such as individual
counts from the many activity-dependent trap types for arthro-
pods). Direct measurements of predation rates have likewise
methodological challenges, but are increasingly being used as
alternative metrics of top-down impact [122¢]. Even when
used for the same data set, differences in metrics can lead to
potentially contrasting conclusions [36, 48], indicating that
careful interpretation of research outcomes and comparison
among studies is required. For further research, it may be
important that evidence is accumulating which shows that
predator functional diversity might be more relevant for her-
bivore reduction than predator species richness [123].
Moreover, observational studies in forests have started to re-
late diversity measures beyond species richness to predation
(e.g., [124]). As research on functional and phylogenetic di-
versity is just beginning to thrive [14¢], future experimental
work will likely clarify whether functional and phylogenetic
diversity of trees and predators can consolidate tests of the
“enemies” hypothesis.

While this review mostly discusses effects of interspecific
diversity, tree diversity also varies at the intraspecific level.
Effects of plant genetic diversity on predator diversity can be
as large as effects of plant species diversity [125]. For forests,
tree genetic diversity has only been evaluated in few tree di-
versity experiments. Mostly, there was no relationship be-
tween tree genetic diversity and predators [45, 79, 103, 126]
but at least one study [102] found an increase of general pred-
ator species richness (but not abundance) when genetic diver-
sity was higher.

Further Sources of Heterogeneity in Forests Beyond
Tree Diversity

In most natural forests, tree diversity is just one component of
complexity and heterogeneity. The number of tree species
relates to many classical ecological theories [127] that predict
changes in herbivore communities such as the “more individ-
uals hypothesis” [128] or the “resource concentration hypoth-
esis” ([20], postulated alongside the “enemies” hypothesis),
which may all feed back to predators. A review of these the-
ories and hypotheses is beyond the scope of our review.
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Likewise, the manifold environmental influences on tree and
predator diversity (see also the sections “Type of study” and
“Latitude and climate™) cannot be covered here. Well-known
anthropogenically induced examples included past and pres-
ent land use (e.g., [129]) or the time of succession since the
last major disturbance event (e.g., [ 14¢]) in forests often timber
extraction. Interestingly, top-down control by natural enemies
can depend on successional age [130], but in natural systems,
it is often not possible to separate such environmental effects
from tree diversity effects.

Implications for Mixed Species Forestry

Our review summarizes findings of basic research that may
have direct implications for forest management. Promoting
mixed species stands is considered a suitable approach to ad-
dressing future challenges imposed by climate change [5, 16].
Higher tree diversity often strengthens functions and services in
forests [3, 19, 131, 132], provides resistance against exotic spe-
cies [133], or increases overall biodiversity [13, 17¢]. However,
our review suggests that stand diversification does not automat-
ically result in stronger top-down control by predators. Different
predatory taxa may respond variably to increased tree diversity
and many factors may modify the relationships between tree
diversity and predators. Certainly, one important conclusion of
our review is that a general increase in tree species richness per
se will not necessarily generate the highest biocontrol benefits,
as tree species identity, functional, phylogenetic, and structural
diversity all play important roles in modifying plant-herbivore-
predator relationships. It is therefore sensible to carefully disen-
tangle how these different components of tree diversity work
together in influencing predator communities and to identify
particularly suitable mixture types. Such an approach has also
been advocated for economic purposes in a multifunctional
framework [134]. Increasing biocontrol services is only one,
albeit important, aspect to manage forests sustainably and to
achieve multifunctionality, where a wide range of potential
trade-offs have to be considered [132, 135].

For an effective implementation, it will also be important to
better understand how natural enemies contribute to control-
ling pest outbreaks, which frequently impact forestry [136].
Root [20] stated that “by rapidly checking outbreaks [...]
predators and parasites would prevent the potentially domi-
nant herbivore species from monopolizing the available re-
sources.” Some studies suggest that predators are able to pre-
vent or at least to diminish pest outbreaks (see, e.g., [137,
138]). However, natural enemies can also become saturated
in such situations and their population responses will lag be-
hind [139]. Considering the variable results for tree diversity
effects on predators, the impact of planting tree mixtures on
the effectiveness of natural enemies in pest outbreak situations
remains unclear (see also [80, 136, 139].
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In this context, the resource concentration hypothesis
comes into play, which postulates that specialized herbivores
will have difficulties to locate their host plants in more diverse
plant communities and will therefore cause less damage in
plant mixtures [20]. In effect, resource concentration and nat-
ural enemies may simultaneously influence herbivore com-
munities [10, 15], but are difficult to separate without simul-
taneously manipulating plant and natural enemy communities.
Nevertheless, the promotion of specific enemy taxa via stand
diversification is possible in general, although the effects can
be dependent on the region and the type of forest.

An important point to consider is that the predictions of the
“enemies” hypothesis for forests are not limited to tree diversi-
ty, as habitat complexity is not solely dependent on tree diver-
sity. For example, stand structural diversity established by the
type of harvesting, causing, e.g., variability in tree height and
gap dynamics, might have an effect (see also [17¢]) and man-
aging for complexity is expected to facilitate positive outcomes
beyond predators [ 140]. Moreover, promoting habitat structures
such as dead wood diversity (including dead wood type) may
not only increase strictly dead wood-associated predators, but
generalist predators as well (e.g., spiders [141]).

For all these measures, an understudied key question is the
spatial scale at which management can be most effectively
implemented. Scale dependence, a general ecological phe-
nomenon, is also relevant for natural enemies. Whether pro-
moting small-scale diversification or larger-scale heterogene-
ity is more important to promote predators, parasitoids, and
their top-down effects on herbivores requires further research
[61ee, 90]. Small-scale variation in habitat structure can be
important because interactions between individuals, such as
individual predation events, take place locally (e.g., [85]).
However, larger-scale heterogeneity determines variability at
the stand level (and beyond), and the overall diversity and
functional variability of predators in forests may strongly de-
pend on management concepts that integrate heterogeneity
and diversity across spatial scales [61¢].

Research Needs

Our synthesis of the current “enemies’ hypothesis literature in
forest ecosystems suggests promising future research fields. In
addition to the specific research questions already identified,
there are several key knowledge gaps that should be addressed
to more comprehensively understand if and under which cir-
cumstances tree diversity increases natural enemy populations
and how this relates to the control of herbivores.

Testing Predation and Herbivore Control Predator abundance
or diversity is not necessarily the most suitable surrogate of
the “enemies” hypothesis, as it is often unclear whether they
translate into higher herbivore control, which would require
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direct measurements of predation pressure [142]. In recent
years, indirect means for assessing predation have become
popular, especially by scoring attack marks on artificial cater-
pillars made from plasticine [82, 83, 87, 124, 143]. However,
whether or not this method allows inference on true predation
pressure is questionable. Marks can come from a wide variety
of non-predator taxa, and enemies that locate prey with non-
visual cues may not recognize plasticine “prey” [122e, 144].
Even though logistically more challenging, research quantify-
ing top-down control in relation to tree diversity with more
realistic methods such as living sentinel prey is desirable.

Disentangling Mechanisms Most past research has been cor-
relative and the evidence base for the mechanisms behind
“enemies” hypothesis relationships is low. For example, more
stable microclimates in more diverse forest stands facilitating
natural enemy activity have been postulated (e.g., [14¢]) but
remain to be tested. Likewise, increased functional comple-
mentarity among different predators is commonly assumed
(e.g., [40e°]), but tests are almost exclusively restricted to ex-
clusion experiments. Thus, approaches that go beyond species
richness and abundance by including functional and phyloge-
netic diversity across trophic levels [8e, 14, 145] will contrib-
ute to a more mechanistic understanding.

Incorporating Behavioral Effects Natural enemies affect their
prey not only directly via consumption but also indirectly by
inducing behavioral changes, which may lower herbivore ef-
fectiveness and damage. For vertebrates, this phenomenon,
the “landscape of fear,” is well-understood and an important
component of the net effect of predators (e.g., [146]). For
arthropods, similar inference is likely, for example, when the
mere presence of predator cues hinders egg-laying or deters
herbivores (e.g., [147]). Studying behavioral interactions un-
der different tree diversity will be important to understand
non-consumptive effects. Furthermore, predators can also in-
fluence non-herbivorous damage-causing organisms, for ex-
ample, when ant activity suppresses plant pathogens [148].
Whether or not this is diversity-dependent is at present un-
known, but could be an ecologically relevant extension of
the “enemies” hypothesis.

Extending Research to the Canopy and Soil For logistic rea-
sons, most studies have sampled in the understory or on the
forest floor. Tree canopies are only sparsely investigated, at
least for mature forests [74]. However, a substantial part of
trophic interactions occurs in tree crowns where most of the
foliage is concentrated. Arthropod communities differ mark-
edly between canopy and ground strata (e.g., [149, 150]).
Without further data (e.g., obtained from fogging) from the
canopy, it will be difficult to draw broader conclusions on the
relationship between tree diversity, natural enemies, and top-
down control. Like the canopy, the soil stratum is severely

understudied. Belowground taxa respond differently to forest
features than aboveground taxa [84e¢] and many damaging
species complete at least part of their life history in the soil.
Even though top-down effects can structure belowground
communities [151], it is unknown whether “enemies” effects
apply belowground (but see [152]). Thus, future research
across forests strata is needed.

Including Understudied Life Stages All life stages of herbi-
vores, from egg to imago, are attacked by enemies, with many
being specialized to a particular life stage. So far, most re-
search in forests has focused on the influence of predators
on herbivore larvae, as they cause a major part of visible
damage. Nevertheless, top-down control targets all life stages.
In perennial systems, assessing mortality over the whole her-
bivore life-cycle is important, as relative predation pressure
can shift and be highly variable among stages [153]. For ex-
ample, substantial predation and parasitism affects eggs and
pupae, which are difficult to sample and often not included in
studies. Because “enemies” effects can be restricted to indi-
vidual life stages [ 154], a holistic approach across stages could
provide more conclusive tests of the “enemies” hypothesis.

Manipulating Natural Enemy Diversity So far, the “enemies”
hypothesis has mostly been tested bottom-up by investigating
the influence of tree diversity. Nevertheless, Root’s [20] for-
mulation includes a top-down element, by assuming that
higher natural enemy abundance and diversity reduce herbi-
vores. Manipulations of predator diversity (note that separat-
ing effects of predator diversity from predator abundance is
important, [88]) are logistically challenging and rely largely
on experiments that reduce or exclude certain species or func-
tional groups, e.g., by locally preventing ant foraging with
sticky barriers or by using nets to restrict birds. Very few
experiments in forests have tried to directly manipulate pred-
ator abundance and diversity at the stand level [142, 155].
Possible approaches include adding entire ant colonies [156]
or providing nesting opportunities for solitary wasps [157].
Even though not feasible in all situations and for all taxa,
manipulations of predator diversity and functional composi-
tion could provide deeper insight into the causality of the
“enemies” hypothesis. To minimize confounding environ-
mental influences on natural enemies [8e, 29], such predator
experiments might be most promising in tree diversity
experiments.

Conclusions

Research on the “enemies” hypothesis in forests is mostly
restricted to generalists and has revealed a broad variety of
possible outcomes, indicating that the literal formulation of
this ecological concept cannot directly be applied to forest

@ Springer



Curr Forestry Rep

habitats (see also [23]). Our synthesis of the literature high-
lights the many properties of ecosystems (e.g., latitude), trees
(e.g., identity effects), and natural enemies (e.g., intraguild
predation) that may influence the relationship between tree
diversity, predators, and top-down control. In order to scien-
tifically inform how forest management can increase predator
populations, it will be important to investigate how the inher-
ent complexity of forests interacts with the predictions made
by the “enemies” hypothesis. By doing so, it might be possible
to disentangle the ecological conditions required for effective
biological control of potential pest species in forests.
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