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In contrast to the hypothesized bottom-up control, our analyses suggested a strong impact of belowground 
top-down e�ects on plant communities in our study system. Although plant communities can strongly shape the 
habitat conditions for taxa at higher trophic levels33, 36, feedback e�ects of both plant antagonists and mutualists 
might result in an overall strong top-down control of plant community composition27, 29. Our �ndings are in line 
with observations in other species-rich forests that have indicated strong e�ects of soil fungal pathogens, bacteria, 
and mycorrhizae on plant community composition28�30. An important role of top-down e�ects is indicated by 
strong links between microorganisms and plants in the top-down model that are not found or less evident in the 
bottom-up model, such as for Alphaproteobacteria and Bacteroidetes. Alphaproteobacteria are known to interact 
with plants predominantly as symbionts and pathogens37, whereas members of the Bacteroidetes are specialized 
on carbon mineralization38, in�uencing the recycling of organic matter, nutrient availability, and therefore ulti-
mately plant community composition.

Likewise, strong e�ects of arbuscular mycorrhizal fungi in the top-down model indicate an important role of 
these fungi for tree composition, which contributed to the stronger support of top-down control in the below-
ground compartment of our study system. In this respect, it is striking that in the bottom-up model, neither 
ectomycorrhizal nor arbuscular mycorrhizal fungi were signi�cantly related to tree layer woody plants. While 
scale-dependence of the strength of associations among microorganisms and plants might contribute to explain-
ing these results11, 39, 40, recent analyses in a tropical forest showed that the strongest correlations between tree 
and soil microbial community composition occur at a neighborhood scale of 20 m (ref. 11), which is compa-
rable to the plot-level scale of our study. It is more likely that many mycorrhizal fungi are associated with plant 
species that do not occur in the tree layer of our study plots41, which is also re�ected by the fact that the only 
signi�cant bottom-up e�ect of plants on mycorrhizae was that of herb layer plants on arbuscular mycorrhizae 
(Supplementary Fig.�S1). �is potentially makes tree layer plant composition an insu�cient indicator of both 
ectomycorrhizal and arbuscular mycorrhizal community structure, which �ts to the non-speci�c web that mycor-
rhizal fungi establish among tree species42, 43. Top down e�ects of both types of mycorrhizae on plants indicate that 
despite the known di�erences in biodiversity ratios of these two groups of mycobionts and their plant partners 
and despite their mobilizing of di�erent soil resources44, their e�ects have similar directions in the belowground 
community web. �is suggests that plant nutrition by the fungi and not the provisioning of photosynthates by the 
plants is the driving force within the bidirectional trophic relationships of mycorrhizal associations.

Additional e�ects on plant community composition were mediated by saprophytic fungi and macrofaunal 
decomposers (we note that our study does not include mesofaunal decomposers). Both organism groups contrib-
ute to nutrient recycling and may therefore be important for the mobilization of soil resources utilized by plants.

In contrast to the belowground compartment, the strong support for bottom-up control of aboveground biota 
by plants is in accordance with the hypothesized patterns. Our results conform with previous �ndings on diver-
sity relationships among individual taxa in our study system as well as in others9, 16, 34. �ese �ndings emphasize 
the important role of plant communities in directly structuring community patterns not only of herbivores, but 

Figure 2.  Bottom-up control in the aboveground community web. Structural equation model across trophic 
levels based on community structure, represented for each organism group by the �rst two axes of principal 
components analyses (PC1: darker shade, PC2: lighter shade) on species identities and relative abundances 
(χ† = 206.9, P = 0.119, DF = 184, RMSEA = 0.068, P-value RMSEA = 0.295, AIC = −353.1, N = 27). 
Relationships are controlled for environmental dependencies, scaled proportional to their signi�cance 
(***P ≤ 0.001; **P ≤ 0.01; *P ≤ 0.05; ns nonsigni�cant). For clarity, only covariances ≤0.01 are plotted. See 
Supplementary Table�S4 for detailed model ouput with path coe�cients and error terms, and Fig.�S5 for an 
alternative presentation. Colors of boxes and corresponding arrows indicate di�erent trophic or functional 
groups. Groups are: Parasitic Hymenoptera (1), spiders (2), omnivorous ants (3), predatory ants (4), centipedes 
(5), predatory wasps (6), weevils (7), lepidopteran caterpillars (8), bark beetles (9), longhorn beetles (10), tree 
layer plants (11), herb layer plants (12), environment (13).
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also of predators and parasitoids35, in the aboveground forest compartment. In this context, it is notable that our 
SEM analysis showed comparatively more links between plant and predator communities than between plant and 
herbivore communities. Previous studies have shown that even higher trophic levels, such as predators, can be 
strongly in�uenced by plant community composition9, 16, and our results highlight the importance of such, prob-
ably largely non-trophic, e�ects for community patterns at the whole-ecosystem scale. Non-trophic bottom-up 
e�ects might occur, for example, through modi�cation of abiotic properties or resource availability. Recent stud-
ies have indicated that leaf density, bark structure, litter properties, and other morphological characteristics, 
which vary among tree species and in�uence microclimate and habitat space, can signi�cantly a�ect the species 
composition of predator assemblages19, 45. In some cases, the relationships between plants and predators could 
even involve a trophic component, because many �predators� might utilize plant resources, such as nectar from 
extra�oral nectaries or �owers, in addition to animal prey. �is is well-known for ants, but also applies to rather 
strict predators such as many spiders and wasps46. However, woody plants with extra�oral nectaries are uncom-
mon at our study site47, making a strong impact of such e�ects less likely. Nevertheless, the results of our study 
reveal interesting directions for further research on the e�ects of plant species composition on higher trophic 
levels.

�e strong support for the bottom-up model in the aboveground compartment does not necessarily preclude 
potential top-down e�ects from contributing to the structuring of community patterns across trophic levels9, 27.  
Such top-down e�ects were implied in our study by the links between herbivores and plants in the top-down 
model. However, these seem to have less e�ect on the main relationships, as indicated by the poor �t of the 
top-down model. Rather, our results point to the intriguing hypothesis that the structuring of aboveground 
arthropod communities is indirectly in�uenced by the strong top-down e�ects that belowground microorganisms 
have on the plant communities. Such indirect structuring e�ects across ecosystem compartments, mediated by 
producer communities, have repeatedly been shown for speci�c taxa or subcomponents of community webs48�50,  
but remain less well explored for the structuring of entire, species-rich ecosystems. While the complexity of our 
data hinders us from directly testing these indirect e�ects across compartments, such linkages would have impor-
tant implications for our understanding of how the e�ects of biodiversity loss and environmental change might 
cascade through ecosystem compartments and trophic levels48, 51.

It is notable that both tree and herb layer plant community composition showed a large number of links with 
higher trophic levels (in both the above- and belowground compartments). While this re�ects the degree to which 
taxa are associated with speci�c vegetation strata, it particularly highlights the important role of the herb layer 
(which provides the recruits for the next generation of tree species) in the structuring of the community webs in 
species-rich forests41, 52.

�e analyses of species richness and diversity patterns yielded fewer and qualitatively di�erent links across 
trophic levels compared to the community composition analyses. �is shows that our approach can provide 
insight into the structuring of ecological communities that apparently are not revealed by analyses of richness or 
diversity patterns. �e comparatively weak connections across trophic levels in the richness and diversity analyses 
(especially between plants and herbivores) deviate from the �ndings of a similarly comprehensive study12, which, 
however, was conducted in a much less complex, experimental grassland system and did not di�erentiate among 
groups of herbivores or predators. On the other hand, our results are consistent with those of previous studies on 
individual trophic groups in our study system, which found that many e�ects of woody plant species richness or 
diversity acted on higher trophic level abundance rather than on richness or diversity patterns34, 53, 54. Moreover, 
species richness relationships among plants, arthropods, and microorganisms in our studied forests were found to 
be highly non-linear across spatial scales39. �ese results underline that addressing taxon-speci�c responses to the 
mechanisms underlying the structuring of community relationships at the local scale requires consideration of 
species identities and distributions. Analyses based on species richness or diversity may therefore strongly bene�t 
from being complemented by analyses of community composition data9, 55.

�e relationships shown in the community and diversity webs were controlled for changes in environmental 
conditions among study plots. Nevertheless, strong e�ects particularly of the �rst environmental PCA axis (PC1) 
on many organism groups indicate that the structuring of multitrophic communities of course also depends 
on abiotic conditions that vary spatially or with succession. �e environmental variables particularly associated 
with PC1 were local temperature patterns and soil nutrient conditions (C and N concentrations). Many previ-
ous studies have highlighted the importance of these environmental parameters on the abundance and species 
composition of above- and belowground taxa9, 17, 20, 33. Our study shows that in addition to such environmen-
tal e�ects, interactions among organism groups play an important role in structuring community relationships 
across trophic levels.

In summary, our results show how detailed community analyses that go beyond simpli�ed diversity metrics 
can help to reveal important relationships and their relative dependence on top-down and bottom-up control 
across ecosystem compartments even in highly species-rich ecosystems. Our analytical approach emphasizes the 
importance of species identities and community composition in revealing many of the trophic and non-trophic 
linkages that contribute to structuring biodiverse ecosystems, linkages that may go unnoticed with more aggre-
gated diversity data. Our approach allows for the simultaneous incorporation of species-level data, and their 
potential top-down or bottom-up e�ects, for the multitude of organism groups that make up ecosystems and their 
functioning. At the same time, it allows controlling for covariation that might arise from shared environmental 
in�uences, which means that our method can help to reveal direct or indirect species interactions. Our �ndings 
indicate that top-down control of microbial plant symbionts and pathogens has a strong structuring e�ect on the 
plant communities in our biodiverse forest system. �ese e�ects might indirectly cascade to the aboveground 
compartment via bottom-up e�ects of plants on arthropod communities. Ultimately, an in-depth mechanistic 
understanding of the observed patterns will bene�t from direct observations of interactions among species to 
validate our correlational approach, but obtaining such data for the full set of thousands of species in biodiverse 
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