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Summary
1. Pest regulation is an important ecosystem service provided by biodiversity, as plants grow-

ing in species-rich communities often experience associational resistance to herbivores. However, little is known about the respective influence of the quantity and identity of associated
species on herbivory in focal plants.
2. Using a meta-analysis to compare insect herbivory in pure and mixed forests, we specifically tested the effects of the relative abundance of focal tree species and of phylogenetic distance between focal and associated tree species on the magnitude of associational resistance.
3. Overall, insect herbivory was significantly lower in mixed forests, but the outcome varied
greatly depending on the phylogenetic relatedness among tree species and the degree of herbivore feeding specialization.
4. Specialist herbivore damage or abundance was positively related to relative abundance of
their host trees, regardless of the phylogenetic distance between host and associated tree species.
5. By contrast, tree diversity triggered associational resistance to generalist herbivores only
when tree mixtures included tree species phylogenetically distant to the focal species.
6. Synthesis and applications. Our study demonstrates that the establishment of mixed forests
per se is not sufficient to convey associational resistance to herbivores if the identity of tree
species associated in mixtures is not taken into account. As a general rule, mixing phylogenetically more distinct tree species, such as mixtures of conifers and broadleaved trees, results in
more effective reduction in herbivore damage.
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Introduction
Pest regulation is an important ecosystem service provided
by plant diversity. Increasing species richness in plant
communities is acknowledged to reduce the risk of insect
herbivory experienced by individual plants, a phenomenon
known as associational resistance (Jactel & Brockerhoff
2007; Vehvil€ainen, Koricheva & Ruohom€aki 2007; Barbosa
et al. 2009). However, while climate change is expected to
increase the frequency and severity of forest pest outbreaks
(Jactel et al. 2012; Klapwijk et al. 2012), most plantation
forests are still managed as single-species stands (Brockerhoff et al. 2008). In addition to plant species richness per
se, species composition of plant assemblages is also a
*Correspondence author. E-mail: bastien.castagneyrol@pierroton.inra.fr

major determinant of the strength of associational
resistance to insect herbivores (Atsatt & Odowd 1976;
Scherber et al. 2010; Le Guigo, Rolier & Le Corff 2012).
In particular, phylogenetic distance between plant species
has recently emerged as an important driver of community assembly (Dinnage et al. 2012; Mouquet et al. 2012)
and plant diversity effects on ecosystem functioning
(Cadotte, Cardinale & Oakley 2008; Cavender-Bares et al.
2009; Flynn et al. 2011), but its role in associational resistance to herbivores has seldom been explored (Yguel et al.
2011; Gilbert et al. 2012). The aim of this study is to
evaluate this effect by conducting a meta-analysis of
previously published studies on the diversity–herbivore
resistance relationship, by focusing on effects of plant
phylogenetic diversity rather than plant species richness.
Indeed, phylogenetic distance between neighbouring plant
species is likely to interfere with the ability of herbivores
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to locate, colonize and exploit their host plants (Yguel
et al. 2011; Le Guigo, Rolier & Le Corff 2012). This
information can improve our understanding of the mechanisms that are responsible for associational resistance to
insect herbivores and effectiveness of pest management.
Resource concentration is believed to be one of the
main mechanisms underlying associational resistance to

insect herbivores (Root 1973; Hamb€ack, Agren
& Ericson
2000; Bj€
orkman et al. 2010). The resource concentration
hypothesis states that insect herbivores are less likely to
find and remain in patches in which their host plant is less
likely to be encountered. This may be due to a simple
‘host dilution effect’ or to physical and chemical masking
of the focal plant by heterospecific neighbours (Finch &
Collier 2000; Floater & Zalucki 2000; Jactel et al. 2011;
Dulaurent et al. 2012). Masking effects are likely to
increase with dissimilarity in the traits used by herbivores
to locate and discriminate between host and non-host
plants, and the above traits are likely to be more dissimilar as the phylogenetic distance between plant species in
the community increases (Gilbert et al. 2012; Srivastava
et al. 2012). There is now growing evidence that the risk
of spillover of herbivores from neighbours onto focal
plants decreases with the phylogenetic distance between
plant species (Ness, Rollinson & Whitney 2011; Gilbert
et al. 2012; Harvey et al. 2012). Moreover, the fitness of
herbivores moving from one host to another decreases
with taxonomic distance between hosts (Bertheau et al.
2010). Such a risk of spillover also depends on the diet
breadth of insect herbivores. Most herbivores, even species regarded as ‘specialists’, are able to feed on several
plant species within the same genus (hereafter monophagous) or family (hereafter oligophagous) (Novotny &
Basset 2005). This generally results in closely related plant
species sharing more herbivore species than more distantly

related plants (Novotny & Basset 2005; Ødegaard,
Diserud & Østbye 2005; Pearse & Hipp 2009; Gilbert
et al. 2012).
For these reasons, we hypothesized that in mixed forests, resistance of a tree species to insect herbivores results
from the interplay between three factors: the relative
abundance of the focal tree species, the phylogenetic distance between this species and its neighbours, and the
degree of insect feeding specialization. To test this
hypothesis, we conducted a meta-analysis and compared
herbivory (assessed via herbivore abundance or damage
caused) by a given insect type (species or feeding guild)
on a focal tree species grown as a monoculture with herbivory on the same tree species growing in a mixed stand.
We recorded feeding specialization of the herbivore and
the percentage of the focal tree species in a mixture and
calculated phylogenetic distance between the focal and
associated tree species in a mixed stand.
In line with the resource concentration hypothesis
(Root 1973), we predicted that mixing focal trees with
associated tree species would result in a decrease in frequency of resource available to herbivores in mixed forests, and therefore in stronger associational resistance.
Because resource availability is likely to depend on both
herbivore feeding specialization and relatedness among
tree species (Fig. 1), we distinguished between two types
of resources (Fig. 1): the focal resource (i.e. the relative
abundance of the focal tree species) and the total resource
(the abundance of both focal tree species and phylogenetically related associated tree species that herbivores are
likely to feed on). Our meta-analysis thus expands the
resource concentration hypothesis by including phylogenetic information on associated plant species. It also goes
beyond the previous meta-analyses on forest diversity
effects on herbivores by Vehvil€
ainen, Koricheva &
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Fig. 1. Conceptual diagram representing the relationship between herbivore specialization, Focal Resource availability (FR) and Phylogenetic Distance (PD) between focal (F) and associated (A1, A2) species. Resource available to monophagous herbivores is the focal
resource only (FR). For polyphagous herbivores, tree species associated with the focal resource may be used as alternative resource (a
and c) or not (b and d), depending on their phylogenetic relatedness, making total resource potentially available to herbivores a function
of both FR and PD. Associational resistance provided by tree diversity is therefore expected to be stronger and more consistent for
monophagous than for polyphagous herbivores.
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Ruohom€aki (2007) and Jactel & Brockerhoff (2007),
which were focused on the effect of plant species richness
on herbivory damage and did not specifically address the
effect of the composition of plant species assemblages.

genus), oligophagous (feeding on different host genera within a
single family) or polyphagous (feeding on different host families).
When information on herbivore feeding specialization could not
be retrieved from the original study or additional sources, the
case studies were included only in the overall assessment of forest
diversity effects on herbivores.

Materials and methods
CALCULATING FOCAL AND TOTAL RESOURCE
DATA COLLECTION

AVAILABILITY

We surveyed all studies included in previous meta-analyses on
effects of forest diversity on insect herbivory, covering a period
from 1960 to 2006 (Jactel & Brockerhoff 2007; Vehvil€ainen, Koricheva & Ruohom€
aki 2007) and searched for new studies published
between 2006 and 2012. Keyword searches were conducted using
various combinations of relevant terms such as: (pure or monoculture) and (mixed or mixture or admixture or mixing) and (forest
or stand or plantation) and (insect or pest or Lepidoptera or Coleoptera or Hemiptera). We also surveyed the cited references in relevant articles we retrieved. Studies were retained if they met the
following conditions: (i) insect herbivore damage or abundance on
a particular tree species (hereafter referred to as the ‘focal’ species)
was compared in pure vs. mixed forest stands in the same area
and time period; (ii) the mean of response variable (herbivore
damage or abundance), a measure of the variance and the sample
size were reported in the text or available from graphs; (iii) identity and relative abundance of tree species in mixed stands were
reported. Increase in tree species richness within a stand generally
coincides with a decrease in relative abundance of each individual
tree species (including the focal tree species), that is, resource dilution. To separate effects of tree species richness from those of
resource dilution, we retained only case studies that compared single-species stands with two-species mixtures, which constituted the
majority of available data.
Case studies reporting data on tree mortality instead of herbivore abundance or damage were excluded because tree mortality
may have resulted from factors other than herbivory and could
not be unambiguously attributed to a given herbivore, and
because tree mortality may have changed host tree dilution or the
composition of mixed stands.

The focal resource availability (FR) was directly extracted from
original papers and expressed as the percentage of focal trees in
mixtures. Total resource availability (TR) was calculated by combining FR and the phylogenetic distance between focal and associated trees.
To calculate phylogenetic distance between tree species in a
mixture, we computed a phylogenetic tree including all the tree
species included in the meta-analysis using Phylomatic (Webb,
Ackerly & Kembel 2008) and the APG III megatree (Bremer
et al. 2009). Branch lengths (Myr) were added to the phylogeny
using the BLADJ algorithm in Phylocom (Webb, Ackerly &
Kembel 2008) and were based on node ages from Wikstr€
om, Savolainen & Chase (2001) and Crisp & Cook (2011).
Total resource availability was estimated as:

EFFECT SIZE CALCULATION

For each case study, we calculated effect size as the log of the ratio
between the mean of observed herbivore damage or abundance in
the mixture (Mx, treatment) and the mean of observed herbivore
damage or abundance in the corresponding monoculture (M0, control): log(Mx/M0). Positive values indicated that herbivory was
higher in mixture than in monoculture (i.e. associational susceptibility) while negative effect sizes indicated associational resistance.
Log response ratio was back-transformed [100–100 9 (e log (Mx/
M0)
)] to provide a direct estimate of the magnitude of tree mixture
effect as percentage decrease or increase in insect herbivory in mixtures as compared to monocultures. Effect sizes and their corresponding variances were calculated in R using the metafor package
(Viechtbauer 2010; R Core Team 2012).

HERBIVORE SPECIALIZATION

Insect herbivores were classified according to their diet breadth as
monophagous (feeding on hosts restricted to a single plant

TR ¼ FR þ AR

eqn 1

where FR is the focal resource availability (i.e. the relative
abundance of the focal tree species in the mixture) and AR is the
contribution of the associated species to total resource, that is,
associated resource availability, estimated as:
AR ¼ Ri Si  Ai

eqn 2

where Ai is the relative abundance of associated species Ai in the
mixture and Si is the probability that the focal tree species F
shares insect herbivores with the associated tree species Ai, given
their phylogenetic distance (PDF;Ai ).
Si was estimated using the relationship and the coefficients b0
and b1 given by Gilbert et al. (2012) for insects:

Si ¼

eb0 þb1 log10 ð1þPDF; Ai Þ
1 þ eb0 þb1 log10 ð1þPDF; Ai Þ

eqn 3

STATISTICAL ANALYSES

Many studies included into our meta-analysis provided more
than one effect size (e.g. data on herbivory by several insects
with different feeding specializations or comparison of pure
stands with mixtures containing different percentages of associated tree species). These effect sizes originating from a single
study cannot be considered statistically independent, introducing
possible errors in confidence interval estimates (Nakagawa &
Santos 2012). To account for the potential non-independence,
we used linear mixed models (Nakagawa & Santos 2012) with
the study level as a random factor. The lme function in the
nlme package in R (Pinheiro et al. 2011) was used to test the
significance of grand mean effect size and explanatory variables.
We tested FR and TR as continuous variables with metaregression, and their effects were expressed as slope values. The
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best predictor variable was identified based on Akaike Information Criterion (AIC) using the maximum likelihood method. Each
model was then reverted to restricted maximum likelihood
(REML) so that effect size estimates could be used to compare
models describing the same output variable, but with different
moderators (Zuur et al. 2009).
The final data set was composed of 83 case studies from 22 different publications, with 27, 24 and 21 case studies for monophagous, oligophagous and polyphagous herbivores, respectively
(Table S1, in Supporting Information). Information on herbivore
specialization was unavailable for 11 case studies.

PUBLICATION BIAS

All case studies for oligo- and polyphagous herbivores referred to
herbivore damage, while in the monophagous subset, 18 case
studies of 28 reported data on insect abundance. To avoid any
bias, we tested the difference in mean effect sizes in monophagous
herbivores depending on the metric used as a proxy for herbivory. We found no significant differences (F1,9 = 076, P = 0405),
and data on abundance and damage were then pooled for subsequent analysis.
We checked for publication bias using funnel plot and trim
and fill procedures (Fig. S2, Supporting Information) on the
whole data set and on each subset, corresponding to the three
levels of host specialization (Borenstein et al. 2009). Correcting
mean effect sizes for possible publication bias did not change
results qualitatively (Table 1). In addition, Rosenberg’s fail safe
number (Rosenberg 2005) was 3499, thus a much greater value
than Rosenthal’s critical conservative value (5 9 87 +
10 = 445). The above two tests indicate that our results are
robust to publication bias, and asymmetry in the funnel plot
(Fig. S2, Supporting Information) may be due to heterogeneity
among effect sizes (e.g. due to true differences between herbivore types). We further checked for the presence of outliers
using Cleveland dotplots. In the monophagous data set, one
case study was identified as an outlier and was removed from
the analysis.

Results
The grand mean effect size calculated on the whole data
set was significantly negative (Table 1), corresponding to
about 30% decrease in herbivory in mixed stands as
compared to monocultures. However, the magnitude of
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the effect varied among studies (Q = 23913, P < 0001),
suggesting the existence of significant sources of variation.
We tested the effect of moderators (Focal [FR, %] and
Total [TR, %] resource relative availability, and herbivore
specialization) on effect size, using mixed effect models.
FR and TR were strongly correlated (r = 095), see Fig.
S1, Supporting Information) and consequently could not
be included in the same model (Graham 2003). We therefore set up two separate models, including as moderators
either FR or TR, in addition to the herbivore feeding specialization and the interaction term. We found a significant interaction between herbivore specialization and TR
(log-likelihood ratio [LLR] = 898, P = 0011), indicating
that effects of tree phylogenetic diversity on herbivory
varied with herbivore feeding specialization. There was
also a significant interaction between host specialization
and FR (LLR = 663, P = 0036). To better understand
the effect of host specialization, we therefore analysed
separately the response of mono-, oligo- and polyphagous
herbivores to focal and total resource availability.
Monophagous herbivores showed the strongest associational resistance in mixed stands (Fig. 2a, Table 1), with a
mean effect size corresponding to a 42% decrease in herbivore abundance or damage in two-species mixtures as
compared to pure stands. Oligophagous herbivores
showed a weaker but still significant 15% decrease in herbivory in mixed stands (Fig. 2b). Responses of polyphagous herbivores to tree species mixtures were very
variable (Fig. 2c) and not significant overall (Table 1).
The magnitude of associational resistance to monophagous herbivores decreased with increasing FR (F1,15 = 472,
P = 0046, Fig. 3a), indicating that focal trees benefited
more from being grown in mixtures when their abundance
was low compared with the associated species. A similar
but weaker trend was observed for TR, but this effect was
only marginally significant (F1,15 = 406, P = 0062, Fig. 3b
and Table S2, Supporting Information).
Both FR (F1,18 = 3289, P < 0001) and TR
(F1,18 = 3252, P < 0001) had significant effects on the
responses of oligophagous herbivores to mixed forests
(Fig. 3b and e). These effects were slightly stronger (steeper
slope) when phylogenetic distance between tree species

Table 1. Summary of mean effect sizes and tests of publication bias. Bold numbers indicate significant associational resistance

Complete data
set (n = 83)
Monophagous
(n = 27)
Oligophagous
(n = 24)
Polyphagous
(n = 21)

Observed mean effect
size (95% CI)

% decrease in herbivory in mixed
forests (95% CI)

Bias-corrected mean effect
size (95% CI)*

Rosenberg’s fail
safe number

036 (056, 016)

303 (1460, 4300)

018 (033, 004)

3353

054 (073, 035)

41.7 (2960, 5170)

049 (066, 032)

628

016 (028, 004)

148 (43, 240)

027 (043, 010)

102

016 (085, 054)

144 (716, 573)

005 (051, 040)

112

*Bias-corrected mean effect size corresponds to the mean effect sizes estimated after trim and fill procedure, that is, correcting asymmetry in funnel plot to account for possible missing case studies.
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Fig. 2. Differences in insect herbivory between pure forest stands and two-species mixtures. Each dot represents an individual effect size
for (a) monophagous, (b) oligophagous and (c) polyphagous insect herbivores. Negative effect sizes indicate associational resistance,
positive effects indicate associational susceptibility. Dot size is proportional to the weight given to each individual case (inverse of
variance). Solid lines and shaded areas are for mean effect sizes and their corresponding 95% confidence intervals. Thin and thick arrows
indicate direction of associational susceptibility (AS) and associational resistance (AR), respectively.
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Fig. 3. Effects of Focal (a–c) and Total Resource availability (d-f ) on insect herbivory response to tree diversity for (a and d)
mono-, (b and e) oligo- and (c and f) polyphagous herbivores. Horizontal dashed lines represent null effect sizes. Thin and thick arrows
indicate direction of associational susceptibility (AS) and associational resistance (AR), respectively. Dot size is proportional to the
weight of each individual effect size (inverse of variance). Solid regression lines represent significant effects. Dashed regression lines are
for non-significant trends.

was accounted for (i.e. for TR) but comparable in terms
of AIC score (Table S2, Supporting Information), indicating that both moderators were equally important.
For polyphagous herbivores, 19 of 21 cases represented
equal mixtures of focal and associated species (Fig. 3c),
so that the effect of FR on herbivory could not be properly tested. However, the responses of polyphagous herbivores to tree species mixtures significantly depended on
TR (F1,13 = 552, P = 0035, Table S2, Supporting Information), with a switch from associational susceptibility to

associational resistance when TR was lower than 54%
(Fig. 3d). In addition, the effect of TR on herbivory was
nine times greater for polyphagous than monophagous or
oligophagous herbivores (Fig. 3 and Table S2, Supporting
Information).

Discussion
Our study clearly demonstrates that the relative abundance of the host tree species, its phylogenetic distance to
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associated tree species and herbivore specialization are
three important factors that have to be considered simultaneously to explain the magnitude and direction of the
effect of tree diversity on herbivory regulation.
Decrease in herbivore abundance and damage in mixed
stands resulting from associational resistance did emerge
as a very general pattern. This is consistent with previous
results (Jactel & Brockerhoff 2007), but this overall mean
effect is likely to hide differences between herbivores
responsible for this damage (Vehvil€ainen, Koricheva &
Ruohom€aki 2007). We showed that herbivory by
monophagous insect herbivores was reduced in mixed forests more than herbivory by oligophagous herbivores and
that the effect of tree diversity on polyphagous herbivores
was much more variable and not significant (Fig. 2).
While previous meta-analyses mainly focused on species
richness or taxonomic diversity (Jactel & Brockerhoff
2007; Vehvil€ainen, Koricheva & Ruohom€aki 2007; Barbosa
et al. 2009), we made a step further by testing mechanisms responsible for such differences. Here, we confirmed
that resource availability is a major driver of the herbivory response to plant diversity, as associational resistance
increased with the dilution of the focal tree species, but
we showed that accounting for phylogenetic distance
between focal and associated species is critical to understanding the magnitude and outcomes of tree diversity
effects on insect herbivory. While monophagous herbivores were mainly sensitive to the relative abundance of
focal trees (FR), oligo- and polyphagous herbivores were
also sensitive to the relative abundance of both focal and
closely phylogenetically related host species (TR).
PHYLOGENETIC RESOURCE DILUTION: A NEW
MECHANISM UNDERLYING THE DIVERSITY–
RESISTANCE RELATIONSHIP

In our study, we incorporated information about phylogenetic distance between plant species into the framework of
the resource concentration hypothesis to propose a synthetic index of resource availability (namely TR), accounting for both the quantity (relative abundance) and the
quality (phylogenetic distance between the focal and possibly alternative host species) of feeding resources. There is
indeed a growing body of evidence in the literature, mainly
from the field of biological invasions, suggesting higher risk
of herbivore damage on focal plants associated with phylogenetically more closely related neighbours (Pearse & Hipp
2009; Ness, Rollinson & Whitney 2011; Gilbert et al. 2012;
Harvey et al. 2012; Parker et al. 2012). The main mechanism behind this relationship is that closely related host
plants are more likely to share functional traits involved in
host recognition and exploitation (G
omez, Verd
u &
Perfectti 2010; Wiens et al. 2010) and are therefore more
prone to share common herbivores (Ødegaard, Diserud &
Østbye 2005; Weiblen et al. 2006).
However, previous studies focusing on forest insects did
not try to disentangle the effects of phylogenetic distance
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between tree species from those of resource availability
for herbivores (Yguel et al. 2011). The resource concentration hypothesis has received considerable support (e.g.

Hamb€
ack, Agren
& Ericson 2000; Vehvil€
ainen et al. 2006;
Sholes 2008; Bj€
orkman et al. 2010). In our meta-analysis,
the observation that associational resistance to monophagous and oligophagous herbivores increased with decreasing relative abundance of focal host trees also supports
this hypothesis. This may be explained by herbivores
experiencing increasing difficulty to find and reach their
host plants as their concentration decreases, at both the
forest stand and local neighbourhood of focal trees
(Hamb€
ack & Beckerman 2003). The main mechanisms
behind this are the lower probability of encounter, as well
as the disruption of cues that are used for host finding,
including physical (Floater & Zalucki 2000; Dulaurent
et al. 2012) or chemical cues (Jactel et al. 2011) emitted
by the host plants. For herbivores feeding on a narrow
range of closely related plant species, host dilution by
other plant species directly results in a decrease in
resource availability, whatever the identity of neighbouring plants is (Fig. 1). This is consistent with our result
that phylogenetic distance between tree species in mixed
forests hardly provides any additional explanation to the
response of monophagous herbivores to the focal resource
dilution (Fig. 3).
However, to apply the resource concentration hypothesis to more generalist herbivores, one has to take into
account all alternative feeding resources. In particular, for
oligophagous and polyphagous herbivores, feeding
resource availability may remain constant despite a strong
decrease in the abundance of the focal host species if
associated species can also be used as alternative hosts
(Fig. 1a vs. 1c). We observed a consistent switch from
associational susceptibility to associational resistance to
generalist herbivores as the phylogenetic distance
increased between focal and associated trees (Fig. 3f),
which is likely to explain the lack of an overall effect of
tree diversity on polyphagous herbivores (Fig. 2c).
Although associational resistance was the most common
pattern, we did observe associational susceptibility in some
cases. This was particularly frequent with polyphagous herbivores in mixed stands containing phylogenetically close
tree species (i.e. when PDAi ;F was low, Fig. 3f). This result
is probably due to spillover of herbivores from preferred
associated trees onto less preferred focal trees in mixed
stands (White & Whitham 2000). Alternatively, the
‘resource dilution hypothesis’ posits that herbivore loads
per plant may be higher where the density of their hosts is
low (Otway, Hector & Lawton 2005), and herbivores may
have concentrated on more preferred focal trees when associated with less preferred alternative hosts, also resulting in
associational susceptibility. In addition, polyphagous herbivores are known to benefit from feeding on several species
rather than on just one host plant (Unsicker et al. 2008;
Lefcheck et al. 2013). This phenomenon, known as diet
mixing, may also explain the associational susceptibility
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observed when phylogenetic resource dilution was low. Better knowledge of generalist herbivores’ preferences for
alternative host species will be of interest to evaluate the
likelihood of ‘phylogenetic dilution’ vs. ‘spillover’ processes
for a given composition of mixed forest.
CONCLUSIONS AND APPLIED PERSPECTIVES: PROS
AND CONS OF MIXED FORESTS

Current forest management needs to be adapted to maintain ecosystem services in the context of major ongoing
environmental changes. Several recent syntheses have demonstrated the benefits of mixed forests, compared with
monocultures, in terms of productivity (Piotto 2008;
Paquette & Messier 2011; Zhang, Chen & Reich 2012),
resistance to herbivores (Jactel & Brockerhoff 2007), windthrow (Griess et al. 2012) and, more generally, multifunctionality (Gamfeldt et al. 2013). However, our study shows
that the establishment of mixed forests per se is not sufficient to convey resistance to herbivores if the identity of tree
species associated in mixtures is not taken into account.
Phylogenetic information is increasingly used by ecologists to unravel mechanisms underlying the diversity–
ecosystem functioning relationship (Mouquet et al. 2012)
and recently emerged as a promising proxy for risk assessment (Gilbert et al. 2012) and forest management (Schweizer, Gilbert & Holl 2013). Our findings suggest that it
could also be used to design more sustainable and resistant plantation forests. Although mixing closely related
tree species could be easier because of their similar habitat
and management requirements, our results show that it
may lead to higher susceptibility of the focal species to
generalist herbivore damage. Our results suggest that
increasing the phylogenetic distance between focal and
associated tree species is likely to be a better management
strategy, because this also provides increased resistance to
herbivores, which may compensate for additional costs
associated with mixed planting (Nichols, Bristow &
Vanclay 2006). In addition, benefits of phylogenetically
diverse forests may not be limited to resistance to herbivores (Yguel et al. 2011), but also include other ecosystem
services. For instance, it has been recently shown that
overyielding (i.e. increased production of biomass in
mixtures than expected from monocultures) was greater in
assemblages of phylogenetically distant plants than of
closely related ones (Cadotte 2013). Cost-benefit analyses
are therefore needed to find the best compromise in tree
species composition to improve the provision of various
ecosystem services by mixed forests (Knoke et al. 2007).
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