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Abstract
The high tree diversity of subtropical forests is linked to the biodiversity of other
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trophic levels. Disentangling the effects of tree species richness and composition, for-
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subtropical forest, we tested the effects of tree community characteristics (species
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est age, and stand structure on higher trophic levels in a forest landscape is important
Using a plot network spanning gradients of tree diversity and secondary succession in
richness and composition) and forest succession (stand age) on arthropod community
functional groups. We posit that these gradients differentially affect the arthropod
functional groups, which mediates the diversity, composition, and abundance of
arthropods in subtropical forests. We found that herbivore richness was positively
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related to tree species richness. Furthermore, the composition of herbivore communi-
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reflects the net outcome of complex interactions among variables associated with tree

ties was associated with tree species composition. In contrast, detritivore richness and
composition was associated with stand age instead of tree diversity. Predator and pollinator richness and abundance were not strongly related to either gradient, although
positive trends with tree species richness were found for predators. The weaker effect
of tree diversity on predators suggests a cascading diversity effect from trees to herbivores to predators. Our results suggest that arthropod diversity in a subtropical forest
diversity and stand age. Despite this complexity, there are clear linkages between the
overall richness and composition of tree and arthropod communities, in particular herbivores, demonstrating that these trophic levels directly impact each other.
KEYWORDS

BEF-China, biodiversity, canopy layers, community composition, ecosystem functioning, forest
succession, plant–herbivore interactions, trophic groups

1 | INTRODUCTION

et al., 2006; Hooper et al., 2005; Isbell et al., 2015; Siemann, Tilman,
Haarstad, & Ritchie, 1998). Associations between the diversity of

Plant diversity is important for maintaining ecosystem functioning

plants and other trophic levels have been studied intensively in grass-

and for supporting the diversity of other trophic levels (Balvanera

lands (Haddad et al., 2009; Scherber et al., 2010; Siemann et al., 1998),
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but the relationship between plant and animal diversity in forests has

with traits that support shade tolerance and stress resistance (Iida

received far less attention. Most research examining the effect of

et al., 2014; Kohyama, Suzuki, Partomihardjo, Yamada, & Kubo, 2003).

plant diversity on animal communities in forests has focused on the

Environmental conditions in older forest stands will have decreased

loss of tree species due to land-use change and logging (Dunn, 2004;

light and soil drying and understories will be cooler than younger for-

Edwards et al., 2010; Ewers et al., 2015; Fredericksen & Fredericksen,

est stands in gaps (Chen et al., 1999; Raich, 1989). Therefore, stand

2004; Tews et al., 2004). However, understanding the variables that

age, which correlates with functional traits, environmental conditions,

drive the distribution, diversity and abundance of trophic levels that

and the quantity of woody debris (Chen et al., 1999; Jacobs et al.,

depend upon forest vegetation in a contiguous forest landscape can

2007; Raich, 1989), may mediate arthropod diversity across the land-

provide insights into the factors that promote biodiversity and ecosys-

scape more than tree species diversity.

tem functioning in subtropical forests.
An important relationship in terrestrial ecosystems is that between

These factors of stand age, heterogeneity in spatial structure
and environmental conditions, may supersede the effects of tree

plants and arthropods because of the feedbacks that exist between

diversity on arthropod diversity in forests. However, the strength

these groups of organisms. Plants provide habitat and food while

and magnitude of the tree–arthropod diversity relationship may also

arthropods may alter plant diversity (Bagchi et al., 2014; Have et al.,

differ between different arthropod functional groups occupying dif-

2006; Kempel et al., 2015), contribute to decomposition (Donoso,

ferent trophic niches. For example, detritivores will respond to food

Johnston, Clay, & Kaspari, 2013), mediate plant reproduction

quantity and quality that may be less related to living tree diversity

(Gonzalez-Megias, 2016; Zvereva, Lanta, & Kozlov, 2010), and disperse

than to species identity or functional traits of dead plant material

seeds (Kalisz, Hanzawa, Tonsor, Thiede, & Voigt, 1999). Relationships

that effect detritus quantity and quality (Donoso et al., 2013; Graça,

between plant and arthropod diversity may depend on the dominant

Pozo, Canhoto, & Elosegi, 2002; Hansen, 2000; Hättenschwiler &

plant life form in the ecosystem—i.e., forests dominated by trees and

Jørgensen, 2010). In contrast, herbivore richness and abundance

grasslands dominated by herbaceous plants may have different plant–

should be more directly linked to living tree diversity because her-

arthropod interactions.

bivores feed on these plants (Andow, 1991; Knops et al., 1999).

Forests have physical attributes for arthropod communities that

Predators, in turn, may be indirectly linked to plants through alter-

are different from grasslands because of their structural complexity,

ations in the diversity and abundance of herbivores (Hutchinson,

which may supersede the effects of plant diversity on arthropod

1959; Knops et al., 1999) and may therefore show a weaker tree–

diversity (Southwood, Brown, & Reader, 1979). Forests have high

arthropod diversity relationship (Balvanera et al., 2006). Pollinators

spatial heterogeneity with horizontal variation (gap dynamics) in stem

may operate independently of stand-level tree diversity alto-

densities, light and temperature (Chazdon & Fetcher, 1984; Chen

gether due to their dependence on flowering and potentially long-

et al., 1999; Raich, 1989), and vertical variation in quality and quantity

distance travel (Bawa, Bullock, Perry, Coville, & Grayum, 1985;

of leaf and woody tissues (Ellsworth & Reich, 1993). Vertical canopy

Sobek, Tscharntke, Scherber, Schiele, & Steffan-Dewenter, 2009).

strata can have direct effects on arthropod communities. For example,

Therefore, to determine the factors that mediate arthropod distri-

birds and other predators in the canopy may reduce abundances of

butions across a forested landscape, arthropod functional groups

pollinators and herbivores (Van Bael, Brawn, & Robinson, 2003) and

must be assessed separately while accounting for tree diversity and

variation in light and microclimate can change the nutrients in leaf tis-

forest age.

sues (Le Corff & Marquis, 1999). Variation in abiotic conditions such

In this study, we tested the effect of forest variables (e.g., tree

as soil characteristics and climatic variables associated with altitude

species diversity, stand age, and vertical position) and arthropod

and topography (Paoli, 2006; Paoli, Curran, & Zak, 2006; Pendry &

community characteristics (e.g., taxon richness and abundance)

Proctor, 1997; Proctor, Lee, Langley, Munro, & Nelson, 1988) may

using a comparative study design across gradients of tree diversity

also influence arthropod communities independent of tree diversity.

and stand age in a subtropical forest. We selected forest plots so

In addition, trees produce recalcitrant tissues that decompose slowly

that these gradients were relatively independent, allowing us to

and create biotope space that persists for long times. For example,

separate the effects of tree diversity and stand age (Baruffol et al.,

fallen or standing dead plant material provides space for breeding and

2013; Bruelheide et al., 2011). We sampled arthropods of four func-

larval development regardless of the surrounding living tree species

tional groups (i.e., detritivores, herbivores, pollinators, and pred-

(Irmler, Heller, & Warning, 1996; Jacobs, Spence, & Langor, 2007;

ators) in the understorey and the canopy to assess differences in

Schiegg, 2000). Combined, these variables make forests distinct from

vertical position as well. We posit that these variables will differen-

grasslands, which may alter plant–arthropod relationships.

tially affect the different arthropod functional groups. We further

Furthermore, the long-lived nature of trees means that a forest

assessed whether arthropod community compositions were related

consists of a mosaic of stand age classes due to disturbances that

to tree community composition. Given the host specificity of some

occur at different spatial and temporal scales (Bergeron, 2000). Large

arthropods, we hypothesized that the species compositions of tree

canopy gaps promote the recruitment of early-successional tree

and arthropod communities should show different associations

species with traits for establishment and rapid growth in high light

depending on the arthropod functional group considered (as

environments while undisturbed areas will have long-lived species

outlined above).
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2 | MATERIALS AND METHODS

results as larvae only represented 0.4% of the arthropods captured

2.1 | Experimental design

parts, taxonomic experience, and known arthropod populations

In June 2010, we placed arthropod traps in 27 plots of a comparative
study in the Gutianshan National Nature Reserve (GNNR) in Zhejiang
Province, China (Baruffol et al., 2013; Bruelheide et al., 2011; CastroIzaguirre et al., 2016). The plots in the GNNR were established in
2008 to encompass a gradient of stand ages (20–120 years) and tree
species richness levels (25–69 species of all trees greater than 10 cm
diameter at breast height). Four to seven plots were assigned to five
strata based on successional stage of the forests stands (<20 years;
<40 years; <60 years; <80 years; >80 years). Within each stratum,
plots spanned a gradient of lower to higher tree species diversity
(Table S1). Bruelheide et al. (2011) presented the age and diversity
spread of these plots, indicating their continuous distribution (see
Figure 4 in Bruelheide et al. (2011) see Table S1). The forest is continuous (see Fig. S1) and classified as subtropical with ~2,000 mm of
rain mainly falling from March to September (Yu, Hu, Yu, Ding, & Fang,
2001). The 27 plots are 30 × 30 m in size, and their altitude ranges
from 250 to 900 m above sea level. The average distance among plots
was 3,400 m (95% CI: 535–7420).
Plots were subdivided into nine 10 × 10 m subplots. In July and
August 2010, ten yellow sticky traps (9 × 11 cm sticky area, double
face, MIOPLANT, Switzerland) were placed in each study plot. Five
traps were suspended by bamboo sticks, in the understorey, 2 m
above ground with one trap placed in the middle subplot and one in
each of the four corner subplots (at least 5 m from the plot edge). The
sticky sides of the understorey traps faced east-west. Five additional
traps were placed in the canopy, suspended from trees. One tree from
each of the five most abundant species in the plot was chosen at random to suspend a trap in the canopy. Tree traps were positioned inside
the middle of the crown of each tree between 3 and 18 m above the
ground (tree heights ranged from 7 to 30 m) hanging from 0.35 mm
fishing line and stabilized by small ballasts. Due to logistic constraints,
trap exposure varied from 6 to 9 days depending on the plot. After collection, the traps were covered with plastic and stored in a freezer until
further processing. Because yellow sticky traps present a sampling
bias, absolute values of arthropod abundance cannot be estimated
by our study. However, their use across all plots allows comparison
of abundances among plots and should not inhibit the total number
of species captured (Hoback, Svatos, Spomer, & Higley, 1999; Missa
et al., 2009).

(123 individuals). Based on the inspection of the arthropod mouthin the province, each morpho-species was assigned to one of six
functional groups: (1) herbivore folivores, (2) herbivore sapsuckers,
(3) predators (including parasitoids), (4) detritivores, (5) pollinators
(nonherbivorous), and (6) miscellaneous arthropods that could not
be classified more precisely. The use of mouth parts was employed
for insects that could not be assigned to a family containing only
one functional type. These initial groups were aggregated into
four classes for analysis: (1) herbivores (folivores + sapsuckers), (2)
predators, (3) pollinators, and (4) detritivores. Insects with ambiguous classification were set to miscellaneous and are not included
in our analysis (17% of the total). In total, we collected 28,198
arthropods belonging to 17 different orders and 598 morphospecies (Table S2 and S3). Some morpho-species may have been
wrongly assigned to a functional group because these assignments
were based on taxonomy and morphology (of mouth parts), and
direct observations of feeding behavior were not made (Table S4).
Therefore, sensitivity analysis was performed whereby the orders
Lepidoptera, Hemiptera, and Coleoptera were either removed or
all designated as herbivores. This analysis showed that the results
were not dependent upon the feeding group assignment of these
orders (Table S5).

2.3 | Data analysis
We performed two sets of analyses: The first tested the effect of tree
richness and stand age on arthropod richness and abundance, and the
second assessed evidence for relationships between tree and arthropod compositions.
In order to assess the importance of tree diversity and stand age on
arthropod diversity and abundance, we modeled arthropod richness
and abundance, separately for each functional group, as a function of
stand age (a continuous variable), tree species richness (a continuous
variable, trees with a diameter at breast height of at least 10 cm), vertical position (a fixed factor with two levels; understorey and canopy),
and all two-way interactions between the continuous variables and
vertical position using a linear mixed-effects model. We also included
a covariate for altitude. Because of low arthropod abundance on some
traps, we aggregated traps from the same vertical position within plots
which combined to 54 observations (2 sampling heights × 27 plots).
To meet assumptions of linearity, arthropod richness and abundance
were log-transformed after adding one to account for zeros. Plot (a

2.2 | Arthropod sorting and counting

factor with 27 levels) and trap exposure time (a factor with 22 levels)
were fit as random terms.

Arthropods were identified directly on the traps and were classi-

To test for specific associations between arthropod and tree com-

fied by order and to morpho-species based on external morpho-

position, we first calculated the dissimilarities in tree community com-

logical characteristics (Yuan, Zhang, Feng, & Hua, 2006; Zheng &

position among plots using the Jaccard index based on tree species

Gui, 1999). Larvae were considered as separate morpho-species

presence–absence per plot (Fig. S2). We performed the same analysis

because their diet often differs from their respective adult form and

on the arthropod community composition among plots for each func-

the difficulty in defining larvae to the correct adult morpho-species.

tional group separately. These dissimilarity matrices were transformed

However, the ambiguity in larvae identification did not affect our

into two-dimensional space by principal coordinate analysis (PCoA),
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(Oksanen et al., 2015) was used to calculate Jaccard dissimilarities.

in tree or arthropod community composition among plots. The Bray–

Principal coordinate ordination was carried out with the cmdscale

Curtis index (with square-root transformed abundances) was also cal-

function, and the constrained analysis of proximities was performed

culated for arthropod functional groups, but results were similar to

with the capscale function (Legendre & Anderson, 1999) in the vegan

those using the Jaccard index (Fig. S3–S6). Therefore, only results from

package.

analysis of the Jaccard data are discussed.
We performed constrained analysis of proximities on the Jaccard
distance matrix of the arthropod community for each functional group

3 | RESULTS

to test the effect of stand age and tree composition on arthropod
community composition. The PCoA ordination of the communities of

Arthropod richness and abundance were differentially affected by

each functional group was constrained by the two PCoA axes derived

tree species richness, stand age, and vertical position, depending on

from the PCoA of tree composition, stand age, and tree species rich-

the arthropod functional group (Figures 1 and 2; Tables S7 and S8).

ness. We tested the significance of the constraining terms with a per-

Herbivore richness significantly increased with tree species rich-

mutation test. If the inertia in the permuted models was lower than in

ness (Figure 1a) while herbivore abundance was significantly higher

the constrained model, then the association modeled was considered

in the canopy than in the understorey (Figure 2a). In addition, stand

statistically significant.

age had a significant negative effect on herbivore richness despite

We further tested the importance of tree composition for arthro-

a tendency for later successional stages to have higher tree species

pod composition of each functional group using the PCoA axis 1 of

richness. Predator richness and abundance were significantly higher in

tree composition as a predictor in a linear model with type-I sum of

the understorey than in the canopy (Figures 1b and 2b) and increased

squares of each PCoA axis of the arthropod functional group com-

nonsignificantly with tree species richness. Detritivore richness and

positions. Therefore, if tree composition affected the arthropod com-

abundance significantly decreased with stand age and were signifi-

munity composition of a functional group, then the PCoA axis of tree

cantly higher in the understory than in the canopy (Figures 1c and

composition would significantly correlate with the first or second

2c). Detritivores were unaffected by tree species richness. In addition,

PCoA axis of the arthropod functional group. In other words, plots

detritivore abundance decreased significantly faster in the understo-

with a more similar tree community composition would have more

rey than in the canopy as stand age increased (Figure 2c). Pollinator

similar arthropod community composition. Furthermore, we tested for

richness and abundance were not affected by any variables and were

the independence of tree composition from stand age by adding stand

generally found in equal numbers in all plots. ANOVA tables for all

age in before tree composition, and if tree composition was indepen-

richness and abundance analyses are in Tables S7 and S8.

dent of stand age, then its importance would be retained even after
fitting stand age first in the model.

The constrained analysis of proximities on the different arthropod communities indicated that only compositions of herbivore and

All linear and mixed models were performed with the asreml-R

detritivore groups were explained by tree species composition (Figs

package (ASReml 3, VSN International, Hemel Hempstead, UK), using

S3–S6), as evidenced by the PCoA axes of tree composition explaining

R 3.3.2 (http://r-project.org). The vegdist function in vegan package

herbivore composition (p < .1) and detritivore composition (p < .1). In

F I G U R E 1 The effect of tree species richness and stand age on arthropod richness of different functional groups. (a) The relationship
between herbivore richness and tree species richness for both understorey (black lines and points) and canopy (gray lines and points) traps. (b)
The relationship between predator richness and tree species richness for understorey and canopy traps. (c) The relationship between detritivore
richness and stand age in the understory and canopy traps. Arthropod richness was log-transformed but presented with axes back-transformed.
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F I G U R E 2 The effect of tree species richness and stand age on arthropod abundance of different functional groups. (a) Herbivore abundance
increased with species richness in the canopy (gray lines and points) and understorey (black lines and points). (b) Predator abundance increased
in the understorey and canopy traps but was always higher in the understorey. (c) Detritivore abundance declined with stand age but faster in
understorey traps. Arthropod abundance was log-transformed but presented with axes back-transformed.
our direct comparison of PCoA axis of tree composition to the PCoA

4 | DISCUSSION

axes of each arthropod functional group (Figs S7–S10), only herbivore
composition was related to tree composition. The PCoA axis 2 of her-

In this assessment of arthropod communities across a gradient of tree

bivore community composition was related to the tree community

species richness and stand age, we found that different arthropod

composition (F1,25 = 4.4, p < .05 and F1,25 = 2.5, p = .1 for tree compo-

functional groups showed different associations with the forest char-

sition fit before and after stand age, respectively; Figure 3). However,

acteristics. Specifically, herbivore richness and abundance increased

the community compositions of the other arthropod functional groups

with tree species richness, and detritivore richness and abundance

were not related to tree composition regardless of the inclusion of

decreased with forest age. In contrast, the richness and abundance

stand age in the model.

of predators and pollinators were not strongly associated with tree
diversity or stand age. Therefore, higher tree diversity only sustained
a higher diversity of herbivores, but stand age and vertical position
superseded the effects of tree diversity on detritivores. Furthermore,
a direct link between herbivore community composition and tree
community composition was found, which suggests a potential role
for species-specific interactions between herbivores and trees in this
subtropical forest.

4.1 | Tree and herbivore diversity
Herbivores showed a clear relationship with tree species richness.
Most likely the connection between species-rich tree communities
and more diverse herbivore communities was due to more tree species supporting a greater array of feeding demands combined with the
benefits provided by feeding on a diversity of plants that improves
overall diet and fitness (Coley & Barone, 1996). Recent work by
Brezzi, Schmid, Niklaus, and Schuldt (2017) showed higher levels of
feeding on locally rare species, indicating that generalists or at least
nonspecialists had a strategy to increase their diversity of food intake. Although only marginally significant, herbivore abundance also
F I G U R E 3 Tree composition correlated with herbivore community
composition. A relationship between principal coordinates of tree and
herbivore community composition was found. Plots with more similar
tree communities had more similar herbivore communities.

increased with tree diversity, in support of growing evidence that
herbivory increases with tree species richness (Brezzi et al., 2017;
Scherber et al., 2006; Schuldt et al., 2010; Vehviläinen, Koricheva, &
Ruohomäki, 2007).
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Herbivore community composition was also linked to tree com-

phenology. Therefore, without data on the diversity of flowering species,

munity composition. Whether these results support the role of her-

we are unable to determine mechanisms promoting this functional group.

bivores in promoting a diversity–productivity relationship depends
on the feeding preferences of these herbivores (Barone, 1998). If
host-specific feeding dominates or if host-specific feeders concen-

5 | CONCLUSION

trate in low-diversity forest stands and generalists are more common
in high-diversity stands, then herbivores would inhibit productivity of

In the subtropical forest studied here, more diverse tree communities

low-diversity forests and promote a biodiversity effect (Barone, 1998;

hosted more diverse and abundant herbivore communities (and to a

Root, 1973; Schuldt et al., 2010; Zhang et al., 2017). Furthermore,

weaker extent predator communities), a pattern which was not found

recent research suggests that more diverse forest stands may have

in other arthropod guilds. Tree and herbivore community composi-

increased nutrient cycling rates due to faster leaf turnover, a pattern

tions were also correlated, indicating a degree of specialized herbivory.

that may be mediated by higher herbivore diversity (Huang et al.,

Therefore, tree diversity drives herbivore diversity in spite of variables

2017). Although our results cannot determine feeding preferences or

associated with stand age and spatial heterogeneity. In contrast, detri-

underlying biodiversity mechanisms, they clearly show greater tree

tivores were responding to stand age which likely represents a proxy

diversity sustains a more diverse herbivore community.

for functional traits associated with different tree growth strategies.
Combined, these results indicate the importance of maintaining tree

4.2 | Stand age and detritivore associations

species and functional diversity across forest successional stages for
promote arthropod diversity in subtropical forests.

Detritivore richness and abundance were negatively related to stand
age. Early-successional forest stands have canopies dominated by fast
growing light-demanding trees with slow-growing, shade-tolerant
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tree species diversity, but instead specifically by flowering diversity and

O RC I D
Michael J. O’Brien

http://orcid.org/0000-0003-0943-8423

|

O’BRIEN Et al.

Bernhard Schmid

http://orcid.org/0000-0002-8430-3214

REFERENCES
Andow, D. A. (1991). Vegetational diversity and arthropod population response. Annual Review of Entomology, 36, 561–586.
Bagchi, R., Gallery, R. E., Gripenberg, S., Gurr, S. J., Narayan, L., Addis, C. E.,
… Lewis, O. T. (2014). Pathogens and insect herbivores drive rainforest
plant diversity and composition. Nature, 506, 85–88.
Balvanera, P., Pfisterer, A. B., Buchmann, N., He, J. S., Nakashizuka, T.,
Raffaelli, D., & Schmid, B. (2006). Quantifying the evidence for biodiversity effects on ecosystem functioning and services. Ecology Letters,
9, 1146–1156.
Barone, J. A. (1998). Host-specificity of folivorous insects in a moist tropical
forest. Journal of Animal Ecology, 67, 400–409.
Baruffol, M., Schmid, B., Bruelheide, H., Chi, X., Hector, A., Ma, K., …
Niklaus, P. A. (2013). Biodiversity promotes tree growth during succession in subtropical forest. PLoS One, 8, e81246.
Bawa, K. S., Bullock, S. H., Perry, D. R., Coville, R. E., & Grayum, M. H.
(1985). Reproductive biology of tropical lowland rain forest trees. II.
Pollination systems. American Journal of Botany, 72, 346–356.
Bergeron, Y. (2000). Species and stand dynamics in the mixed woods of
Quebec’s southern boreal forest. Ecology, 81, 1500–1516.
Brezzi, M., Schmid, B., Niklaus, P., & Schuldt, A. (2017). Tree diversity increases
levels of herbivory damage in a subtropical forest canopy: Evidence for
dietary mixing by arthropods? Journal of Plant Ecology, 10, 13–27.
Bruelheide, H., Böhnke, M., Both, S., Fang, T., Assmann, T., Baruffol, M.,
… Schmid, B. (2011). Community assembly during secondary forest
succession in a Chinese subtropical forest. Ecological Monographs, 81,
25–41.
Castro-Izaguirre, N., Chi, X., Baruffol, M., Tang, Z., Ma, K., Schmid, B., &
Niklaus, P. A. (2016). Tree diversity enhances stand carbon storage but
not leaf area in a subtropical forest. PLoS One, 11, e0167771.
Chazdon, R. L., & Fetcher, N. (1984). Photosynthetic light environments
in a Lowland tropical rain forest in Costa Rica. Journal of Ecology, 72,
553–564.
Chen, J., Saunders, S. C., Crow, T. R., Naiman, R. J., Brosofske, K. D., Mroz,
G. D., … Franklin, J. F. (1999). Microclimate in forest ecosystem and
landscape ecology. BioScience, 49, 288–297.
Coley, P. D., & Barone, J. A. (1996). Herbivory and plant defenses in tropical
forests. Annual Review of Ecology and Systematics, 27, 305–335.
Cortez, J., Garnier, E., Pérez-Harguindeguy, N., Debussche, M., & Gillon, D.
(2007). Plant traits, litter quality and decomposition in a Mediterranean
old-field succession. Plant and Soil, 296, 19–34.
Donoso, D. A., Johnston, M. K., Clay, N. A., & Kaspari, M. E. (2013). Trees
as templates for trophic structure of tropical litter arthropod fauna. Soil
Biology and Biochemistry, 61, 45–51.
Dunn, R. R. (2004). Managing the tropical landscape: A comparison of the
effects of logging and forest conversion to agriculture on ants, birds,
and lepidoptera. Forest Ecology and Management, 191, 215–224.
Edwards, D. P., Hodgson, J. A., Hamer, K. C., Mitchell, S. L., Ahmad, A. H.,
Cornell, S. J., & Wilcove, D. S. (2010). Wildlife-friendly oil palm plantations fail to protect biodiversity effectively. Conservation Letters, 3,
236–242.
Eichenberg, D., Trogisch, S., Huang, Y., He, J. S., & Bruelheide, H. (2013).
Shifts in community leaf functional traits are related to litter decomposition along a secondary forest succession series in subtropical China.
Journal of Plant Ecology, 8, 401–410.
Ellsworth, D. S., & Reich, P. B. (1993). Canopy structure and vertical patterns of photosynthesis and related leaf traits in a deciduous forest.
Oecologia, 96, 169–178.
Ewers, R. M., Boyle, M. J. W., Gleave, R. A., Plowman, N. S., Benedick, S.,
Bernard, H., … Turner, E. C. (2015). Logging cuts the functional importance
of invertebrates in tropical rainforest. Nature Communications, 6, 6836.

8759

Fredericksen, N. J., & Fredericksen, T. S. (2004). Impacts of selective logging
on amphibians in a Bolivian tropical humid forest. Forest Ecology and
Management, 191, 275–282.
Garnier, E., Cortez, J., Billes, G., Navas, M.-L., Roumet, C., Debussche, M.,
… Toussaint, J.-P. (2004). Plant functional markers capture ecosystem
properties during secondary succession. Ecology, 85, 2630–2637.
Gonzalez-Megias, A. (2016). Within- and trans-generational effects of
herbivores and detritivores on plant performance and reproduction.
Journal of Animal Ecology, 85, 283–290.
Graça, M. A. S., Pozo, J., Canhoto, C., & Elosegi, A. (2002). Effects of
Eucalyptus plantations on detritus, decomposers, and detritivores in
streams. The Scientific World, 2, 1173–1185.
Haddad, N. M., Crutsinger, G. M., Gross, K., Haarstad, J., Knops, J. M. H., &
Tilman, D. (2009). Plant species loss decreases arthropod diversity and
shifts trophic structure. Ecology Letters, 12, 1029–1039.
Hansen, R. A. (2000). Effects of habitat complexity and composition on a
diverse litter microarthropod assemblage. America, 81, 1120–1132.
Hättenschwiler, S., & Jørgensen, H. B. (2010). Carbon quality rather than
stoichiometry controls litter decomposition in a tropical rain forest.
Journal of Ecology, 98, 754–763.
Have, P., Effects, L., Ecosystem, O. N., By, P., Diversity, C. P., & Biomass, N.
O. T. P. (2006). Predators have large effects on ecosystem properties
by changing plant diversity, not plant biomass. Control, 87, 1432–1437.
Hoback, W. W., Svatos, T. M., Spomer, S. M., & Higley, L. G. (1999). Trap
color and placement affects estimates of insect family-level abundance
and diversity in a Nebraska salt marsh. Entomologia Experimentalis et
Applicata, 91, 393–402.
Hooper, D. U., Chapin, F. III, Ewel, J. J., Hector, A., Inchausti, P., Lavorel,
S., … Wardle, D. A. (2005). Effects of biodiversity on ecosystem functioning: A consensus of current knowledge. Ecological Monographs,
75, 3–35.
Huang, Y., Ma, Y., Zhao, K., Niklaus, P. A., Schmid, B., & He, J.-S. (2017).
Positive effects of biodiversity on litterfall quantity and quality along
a chronosequence in a subtropical forest. Journal of Plant Ecology, 10,
28–35.
Hutchinson, G. E. (1959). Homage to Santa Rosalia or Why are there so
many kinds of animals? The American Naturalist, 93, 145–159.
Iida, Y., Poorter, L., Sterck, F., Kassim, A. R., Potts, M. D., Kubo, T., &
Kohyama, T. S. (2014). Linking size-dependent growth and mortality
with architectural traits across 145 co-occurring tropical tree species.
Ecology, 95, 353–363.
Irmler, U., Heller, K., & Warning, J. (1996). Age and tree species as factors
influencing the populations of insects living in dead wood (Coleoptera,
Diptera: Sciaridae, Mycetophilidae). Pedobiologia, 148, 134–148.
Isbell, F., Craven, D., Connolly, J., Loreau, M., Schmid, B., Beierkuhnlein, C.,
… Eisenhauer, N. (2015). Biodiversity increases the resistance of ecosystem productivity to climate extremes. Nature, 526, 574–577.
Jacobs, J. M., Spence, J. R., & Langor, D. W. (2007). Influence of boreal
forest succession and dead wood qualities on saproxylic beetles.
Agricultural and Forest Entomology, 9, 3–16.
Kalisz, S., Hanzawa, F. M., Tonsor, S. J., Thiede, D. A., & Voigt, S. (1999).
Ant-mediated seed dispersal alters spatial pattern of seed relatedness in an outcrossing population of Trillium grandiflorum. Ecology, 80,
2620–2634.
Kempel, A., Razanajatovo, M., Stein, C., Unsicker, S. B., Auge, H., Weisser,
W. W., … Prati, D. (2015). Herbivore preference drives plant community
composition. Ecology, 96, 2923–2934.
Knops, J. M. H., Tilman, D., Haddad, N. M., Naeem, S., Mitchell, C. E.,
Haarstad, J., … Groth, J. (1999). Effects of plant species richness on
invasion dynamics, disease outbreaks, insect abundances and diversity.
Ecology Letters, 2, 286–293.
Kohyama, T., Suzuki, E., Partomihardjo, T., Yamada, T., & Kubo, T. (2003).
Tree species differentiation in growth, recruitment and allometry in
relation to height in a Bornean mixed dipterocarp forest. Journal of
Ecology, 91, 797–806.

8760

|

Le Corff, J., & Marquis, R. J. (1999). Differences between understorey and
canopy in herbivore community composition and leaf quality for two
oak species in Missouri. Ecological Entomology, 24, 46–58.
Legendre, P., & Anderson, M. J. (1999). Distance-based redundancy analysis: Testing multispecies responses in multifactorial experiments.
Ecological Monographs, 69, 1–24.
Li, X., Pei, K., Kéry, M., Niklaus, P. A., & Schmid, B. (2017). Decomposing
functional trait associations in a Chinese subtropical forest. PLoS ONE,
12, e0175727.
Missa, O., Basset, Y., Alonso, A., Miller, S. E., Curletti, G., De Meyer, M.,
… Wagner, T. (2009). Monitoring arthropods in a tropical landscape:
Relative effects of sampling methods and habitat types on trap catches.
Journal of Insect Conservation, 13, 103–118.
Murdoch, W. W., Evans, F. C., & Peterson, C. H. (1972). Diversity and
Pattern in Plants and Insects. Ecology, 53, 819–829.
Oksanen, J., Blanchet, F., Kindt, R., Legendre, P., Minchin, P., O’Hara, R., …
Wagner, H. (2015) Vegan: Community ecology package.
Paoli, G. D. (2006). Divergent leaf traits among congeneric tropical trees
with contrasting habitat associations on Borneo. Journal of Tropical
Ecology, 22, 397.
Paoli, G. D., Curran, L. M., & Zak, D. R. (2006). Soil nutrients and beta diversity in the Bornean Dipterocarpaceae: Evidence for niche partitioning
by tropical rain forest trees. Journal of Ecology, 94, 157–170.
Pendry, C. A., & Proctor, J. (1997). Altitudinal zonation of rain forest on
Bukit Belalong, Brunei: Soils, forest structure and floristics. Journal of
Tropical Ecology, 13, 221–241.
Proctor, J., Lee, Y. F., Langley, A. M., Munro, W. R. C., & Nelson, T. (1988).
Ecological studies on Gunung Silam, a small ultrabasic mountain in
Sabah, Malaysia. I. environment, forest structure and floristics. Journal
of Ecology, 76, 320–340.
Raich, J. W. (1989). Seasonal and spatial variation in the light environment
in a tropical dipterocarp forest and gaps. Biotropica, 21, 299–302.
Root, R. B. (1973). Organization of a plant-arthropod association in simple and diverse habitats: The fauna of Collards (Brassica Oleracea).
Ecological Monographs, 43, 95–124.
Scherber, C., Eisenhauer, N., Weisser, W. W., Schmid, B., Voigt, W., Fischer,
M., … Tscharntke, T. (2010). Bottom-up effects of plant diversity on
multitrophic interactions in a biodiversity experiment. Nature, 468,
553–556.
Scherber, C., Mwangi, P. N., Temperton, V. M., Roscher, C., Schumacher,
J., Schmid, B., & Weisser, W. W. (2006). Effects of plant diversity on
invertebrate herbivory in experimental grassland. Oecologia, 147,
489–500.
Schiegg, K. (2000). Effects of dead wood volume and connectivity on saproxylic insect species diversity. Ecoscience, 7, 290–298.
Schuldt, A., Baruffol, M., Böhnke, M., Bruelheide, H., Härdtle, W., Lang,
A. C., … Assmann, T. (2010). Tree diversity promotes insect herbivory in subtropical forests of south-east China. Journal of Ecology, 98,
917–926.

O’BRIEN Et al.

Siemann, E., Tilman, D., Haarstad, J., & Ritchie, M. (1998). Experimental
tests of the dependence of arthropod diversity on plant diversity. The
American Naturalist, 152, 738–750.
Sobek, S., Tscharntke, T., Scherber, C., Schiele, S., & Steffan-Dewenter, I.
(2009). Canopy vs. understory: Does tree diversity affect bee and wasp
communities and their natural enemies across forest strata? Forest
Ecology and Management, 258, 609–615.
Southwood, T., Brown, V., & Reader, P. (1979). The relationships of plant
and insect diversities in succession. Biological Journal of the Linnean
Society, 12, 327–348.
Tews, J., Brose, U., Grimm, V., Tielbörger, K., Wichmann, M. C., Schwager,
M., & Jeltsch, F. (2004). Animal species diversity driven by habitat heterogeneity/diversity: The importance of keystone structures. Journal of
Biogeography, 31, 79–92.
Van Bael, S. A., Brawn, J. D., & Robinson, S. K. (2003). Birds defend trees
from herbivores in a Neotropical forest canopy. Proceedings of the
National Academy of Sciences, 100, 8304–8307.
Vehviläinen, H., Koricheva, J., & Ruohomäki, K. (2007). Tree species diversity influences herbivore abundance and damage: Meta-analysis of
long-term forest experiments. Oecologia, 152, 287–298.
Yu, M.-J., Hu, Z.-H., Yu, J.-P., Ding, B.-Y., & Fang, T. (2001). Forest vegetation in Gutianshan Natural Reserve in Zhejiang. Journal of Zhejiang
University, 27, 375–380.
Yuan, F., Zhang, Y., Feng, J., & Hua, B. (2006). Taxonomy of Hexapoda, 2nd
ed. Beijing: China Agricultural University Press.
Zhang, J., Bruelheide, H., Chen, X., Eichenberg, D., Kröber, W., Xu, X., …
Schuldt, A. (2017). Tree diversity promotes generalist herbivore community patterns in a young subtropical forest experiment. Oecologia,
183, 455–467.
Zheng, L., & Gui, H. (1999). Insect Classification, Part I & II, 1st ed. Nanjing:
Nanjing Normal University Press.
Zvereva, E. L., Lanta, V., & Kozlov, M. V. (2010). Effects of sap-feeding insect herbivores on growth and reproduction of woody plants: A metaanalysis of experimental studies. Oecologia, 163, 949–960.

SUP P O RT I NG I NFO R M AT I O N
Additional Supporting Information may be found online in the
supporting information tab for this article.

How to cite this article: O’Brien MJ, Brezzi M, Schuldt A, et al.
Tree diversity drives diversity of arthropod herbivores, but
successional stage mediates detritivores. Ecol Evol.
2017;7:8753–8760. https://doi.org/10.1002/ece3.3411

