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Supplementary Text 
Additional sensitivity analyses 
 
Based on the basic equation 1 in the main manuscript, different inputs were used to correct for 

four potential biases in our models: 

(i) Feeding type. Some species recorded are only facultative herbivores and might also 

feed on other food sources such as other insects. Based on literature data on feeding 

habits (68), insect abundance Nip was reduced by a factor of 0.5 for omnivorous spe-

cies and 0.25 for all other species mainly feeding as e.g., carnivores. 

(ii) Information accuracy. Information in the interaction database is at different taxo-

nomic levels for the plants. To weight taxonomically more precise information 

stronger, the interaction dummy parameter a was reduced to 0.5 for information 

higher than the genus level and to 0.25 for information higher than the family level, 

including rough information on plant groups (e.g., “forbs”) only. 

(iii) Metabolic rate. To account for differences in body size, which might affect interac-

tion strength through changes in metabolic rates (69), the body mass of all insect spe-

cies was calculated based on their body length, which was estimated from the litera-

ture (68). To determine body mass wi of insect species I, allometric relationships of 

the form 

 𝑤" = 	𝛼&" ∙ 𝑙"
)*+  (6) 

were used, where li is the mean body length of insect species i and α0i, α1i are empiri-

cal parameters, which were estimated from data that were recently published for a 

variety of temperate insect species (70, 71). To minimize errors originating from dif-

ferences in body form, the lowest taxonomic level covered in ref. (71) was used for 

all study species for parameter estimation. Finally, following ref. (72), the relative 

population metabolic rate Rip of insect species i in a plot p was determined as  

 𝑅"- = 	𝑁"- ∙ 𝑤"
/
01  (7) 

where Nip is the total abundance of insect species i in plot p and wi is the estimated 

biomass of an individual of insect species i. N in equation 1 was then substituted with 

R.  



 
 

 

(iv) Plant biomass. Using plant cover for network construction might also lead to biased 

results because plants differ in their biomass per area and thus provide different 

amounts of food for insect herbivores per unit area. Thus, plant biomass was esti-

mated using two different approaches in forests and grasslands. In forests, biomass 

was separately estimated for non-tree species, trees shorter than 1.3 m and trees 

larger than 1.3 m. For non-tree species, total aboveground biomass was estimated 

based on plant cover, which was recorded in the vegetation surveys, and literature-

based mean height (73) with a set of allometric equations developed for understory 

plants in temperate forests (74). For trees shorter than 1.3 m, data was taken from an 

inventory of short tree regeneration, which was carried out in 25 circles of 1 m radius 

on all plots (2014–2016). In the inventory trees were recorded for different height 

classes, and this data was used to estimate approximate cover values per tree species. 

From reported height and cover, total aboveground biomass was then estimated using 

the same kind of allometric equations as used for non-tree species (75). For trees 

higher than 1.3 m, tree-specific data from the forest and regeneration inventories 

mentioned above was used to estimate total mass of foliage, which is the main food 

source for most of the herbivores encountered in this study. Foliage mass was esti-

mated from diameter at breast height using a set of allometric equations (76). Finally, 

all three biomass components were standardized per area and summed, yielding total 

biomass M for each plant species and plot. For grasslands, a simpler approach was 

used and biomass M of each plant species was estimated by multiplying the recorded 

cover in each plot with literature-based mean plant height (73). For both ecosystems, 

the estimated biomass M was then included in equation 1 in place of plant cover C. 

 
Networks were constructed for all corrections, as well as all possible combinations of the correc-

tions, and the analyses along land-use intensity gradients were performed for every case. Results 

are given in figs S8–S10 and S15–S17.  



 
 

 

 

Fig. S1. 
Mean plant community composition of study plots, separated by ecosystem (grasslands, forests) and by plant func-
tional group. The left graph shows mean area cover values. Values can exceed 100% because cover was not stand-
ardized to sum 100% and different cover layer overlap. The right graph shows the mean number of plant species rec-
orded in 4 × 4 m2 subplots in grasslands and in 20 × 20 m2 subplots (plants up to 5 m high) or the whole 
100 × 100 m2 plots (plants higher than 5 m) in forests.  
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Fig. S2. 
Mean herbivore community composition in grasslands and forests for the overall community and for the different 
herbivore groups. Community composition is shown based on total abundances and on species richness. (A) Species 
grouped by specialization, which was categorized according to the taxonomic range of food plants recorded for a 
herbivore species within each ecosystem. Species feeding on several plant families were categorized as polypha-
gous. (B) Species grouped by the taxonomic resolution of the food plants in the interaction database, i.e., the highest 
taxonomic rank reported for a herbivore species. The category Higher Order includes any information at taxonomic 
levels higher than family, as well as information for plant groups only (e.g., ‘trees’). The herbivore community in 
forests mainly consisted of Coleoptera (89.8 ± 5.5% of individuals), whereas in grasslands Auchenorrhyncha 
(52.7 ± 18.6%), Heteroptera (25.8 ± 12.3%) and Coleoptera (19.6 ± 13.2%) made up major shares of the commu-
nity. This is probably due to more species being bound to herbaceous plants in the investigated hemipteran groups 
(Auchenorrhyncha, Heteroptera), which might have evolutionary reasons (77). These compositional differences, as 
well as differences in specialization between the two ecosystems within insect orders, resulted in a higher proportion 
of polyphagous species in forests compared with grasslands. Various mechanisms related to evolutionary or ecologi-
cal factors could explain this difference in herbivore feeding specialization. For example, more frequent disturb-
ances in grasslands potentially increase the speed of eco-evolutionary dynamics (78), which could have resulted in a 
higher amount of specialized herbivores and thus higher modularity. At the same time, we observed higher evenness 
of plant abundance in grasslands, which could indicate that grasslands provide a more constant source of diverse 
food plants. This would allow more specialized herbivores to coexist, resulting in the observed differences between 
the studied ecosystems.   



 
 

 

 

Fig. S3. 
Based on hierarchical models on the relation of network metrics and land-use intensity, predictions for network met-
rics for a set of scenarios (black points and lines) are shown along with model intercepts corresponding to values at 
mean land-use intensity (orange lines and shaded areas). Results are shown for plant species richness, herbivore spe-
cies richness, network size (i.e., plant species richness times herbivore species richness, square-root transformed), 
connectance, modularity, nestedness and robustness. For each ecosystem (grasslands, bottom; forests, top), one sce-
nario was chosen at minimum and at maximum combined land-use intensity (LUImin, LUImax for grasslands and 
ForMImin, ForMImax for forests). Additionally, there are scenarios for maximum observed values of each separate 
land-use component, while keeping the others minimal (Inonat: proportion of tree species that are not part of the 
natural community; Iharv: proportion of harvested wood volume; Idwcut: proportion of deadwood with saw cuts). 
Hierarchical models with Poisson-distributed response variables and a log-link function were used for analysis of 
species richness; hierarchical models with normally distributed response variables and an identity link function were 
used for analysis of all other metrics. Horizontal black thin lines show the 95% highest density interval (HDI), bold 
lines show the 77.6% HDI for all scenario predictions, and points show the highest maximum a posteriori estimates. 
No overlap of 77.6% HDIs between scenarios indicates a significant difference on the 5% level.  



 
 

 

 

Fig. S4. 
Summarized pathway estimates for all direct and indirect pathways linking network structure to network robustness, 
arranged by the different network structure metrics, analyzed with different sensitivity scenarios. (A) Imprecise in-
teraction information was excluded from the interaction database (i.e., information higher than plant-family level); 
(B) all plant species were added in very small quantities to all plots (i.e., no herbivores excluded because of missing 
food sources); (C) interaction strength was not considered (i.e., presence–absence networks). Different structural 
equation models were used for grasslands (left) and forests (right). The intermediate variables linking predictors and 
robustness as well as direct pathways are indicated by the different colors. All potential pathways are shown in Fig. 
3A. The overall effect of a predictor on robustness (i.e., sum of all direct and indirect pathways) is shown with the 
black bars. Note that all predictor variables were scaled to standard deviation 1 (across both ecosystems) prior to 
analyses to make pathway estimates comparable. Detailed results from structural equation modeling are given in 
table S2.



 
 

 

 

Fig. S5. 
Grasslands: analyses for the case where imprecise interaction information was excluded from the interaction data-
base (i.e., information higher than plant-family level). Posterior distributions of (A) slope estimates and (B) intercept 
estimates for the fixed effects from hierarchical models testing the effects of land-use intensity on network metrics 
in observed networks (orange) and null model networks (purple), in which network size and connectance were kept 
constant. Slope estimates are shown for models on combined land-use intensity (LUI) and for models on the single 
components of land-use intensity. Positive estimates indicate higher values at high land-use intensity. Intercept esti-
mates correspond to overall means given that all variables were scaled. Intercepts were obtained from the model on 
the combined LUI index. Values were rescaled to the original metric scale. Curves show probability densities of the 
posterior distributions; thin lines show the 95% highest density interval (HDI), bold lines show the 77.6% HDI, and 
points show the highest maximum a posteriori estimates. No overlap of 77.6% HDIs between the observation and 
null model indicates a significant difference on the 5% level. Shaded purple areas show the posterior distributions 
for single null-model realizations (n = 100). (C) Results from piecewise structural equation models testing the ef-
fects of land-use intensity components on basic network metrics (network size, connectance), modularity and nest-
edness, and their relationship with robustness. Numbers show standardized path coefficients for significant path-
ways. Network size was square-root transformed prior to analyses. Positive paths are in black, negative in red, and 
non-significant in grey. R2 values (conditional) for all variables are provided within the boxes. Fisher’s C = 5.77, 
P = 0.056.



 
 

 

 

Fig. S6. 
Grasslands: Analyses for the case where all plant species were added in very small quantities to all plots (i.e., no 
herbivores excluded because of missing food sources). Posterior distributions of (A) slope estimates and (B) inter-
cept estimates for the fixed effects from hierarchical models testing the effects of land-use intensity on network met-
rics in observed networks (orange) and null model networks (purple), in which network size and connectance were 
kept constant. Slope estimates are shown for models on combined land-use intensity (LUI) and for models on the 
single components of land-use intensity. Positive estimates indicate higher values at high land-use intensity. Inter-
cept estimates correspond to overall means given that all variables were scaled. Intercepts were obtained from the 
model on the combined LUI index. Values were rescaled to the original metric scale. Curves show probability densi-
ties of the posterior distributions; thin lines show the 95% highest density interval (HDI), bold lines show the 77.6% 
HDI, and points show the highest maximum a posteriori estimates. No overlap of 77.6% HDIs between the observa-
tion and null model indicates a significant difference on the 5% level. Shaded purple areas show the posterior distri-
butions for single null-model realizations (n = 100). (C) Results from piecewise structural equation models testing 
the effects of land-use intensity components on basic network metrics (network size, connectance), modularity and 
nestedness, and their relationship with robustness. Numbers show standardized path coefficients for significant path-
ways. Network size was square-root transformed prior to analyses. Positive paths are in black, negative in red, and 
non-significant in grey. R2 values (conditional) for all variables are provided within the boxes. Fisher’s C = 2.32, 
P = 0.314. 



 
 

 

 

Fig. S7. 
Grasslands: Analyses for the case where interaction strength was not considered (i.e., presence–absence networks). 
Posterior distributions of (A) slope estimates and (B) intercept estimates for the fixed effects from hierarchical mod-
els testing the effects of land-use intensity on network metrics in observed networks (orange) and null model net-
works (purple), in which network size and connectance were kept constant. Slope estimates are shown for models on 
combined land-use intensity (LUI) and for models on the single components of land-use intensity. Positive estimates 
indicate higher values at high land-use intensity. Intercept estimates correspond to overall means given that all varia-
bles were scaled. Intercepts were obtained from the model on the combined LUI index. Values were rescaled to the 
original metric scale. Curves show probability densities of the posterior distributions; thin lines show the 95% high-
est density interval (HDI), bold lines show the 77.6% HDI, and points show the highest maximum a posteriori esti-
mates. No overlap of 77.6% HDIs between the observation and null model indicates a significant difference on the 
5% level. Shaded purple areas show the posterior distributions for single null-model realizations (n = 100). (C) Re-
sults from piecewise structural equation models testing the effects of land-use intensity components on basic net-
work metrics (network size, connectance), modularity and nestedness, and their relationship with robustness. Num-
bers show standardized path coefficients for significant pathways. Network size was square-root transformed prior 
to analyses. Positive paths are in black, negative in red, and non-significant in grey. R2 values (conditional) for all 
variables are provided within the boxes. Fisher’s C = 2.8, P = 0.246.  



 
 

 

 

Fig. S8. 
Grasslands: posterior distributions of slope estimates for models testing the effects of grassland land-use intensity on 
network modularity. Each panel relies on a different correction method or on a combination of several methods as 
indicated by the overlaid colored shapes, each of which is representing a correction method: feeding type – down-
weighing of omnivorous insect species (yellow); information accuracy – downweighing of interactions with less 
precise information on food plants (blue); metabolic rate – estimated metabolic rate instead of abundance for insect 
species (pink); plant biomass – estimated biomass instead of cover for plant species (green) (see Supplementary 
Text for details). The bottom left graphs show the posterior distribution for the case where no corrections are applied 
(reported in the main manuscript). Slope estimates are shown for combined land-use intensity (LUI) and for the sin-
gle components of land-use intensity (mowing, grazing, fertilization). The estimates for the observed networks are in 
orange, and the estimates for the null models are in purple. Curves show probability densities of the posterior distri-
butions, corresponding y-axes have been omitted for clarity; thin lines show the 95% highest density interval (HDI), 
bold lines show the 77.6% HDI, and points show the highest maximum a posteriori estimates. No overlap of 77.6% 
HDIs between the observation and null model indicates a significant difference on the 5% level.  



 
 

 

 

Fig. S9. 
Grasslands: posterior distributions of slope estimates for models testing the effects of grassland land-use intensity on 
network nestedness. Each panel relies on a different correction method or on a combination of several methods as 
indicated by the overlaid colored shapes, each of which is representing a correction method: feeding type – down-
weighing of omnivorous insect species (yellow); information accuracy – downweighing of interactions with less 
precise information on food plants (blue); metabolic rate – estimated metabolic rate instead of abundance for insect 
species (pink); plant biomass – estimated biomass instead of cover for plant species (green) (see Supplementary 
Text for details). The bottom left graphs show the posterior distribution for the case where no corrections are applied 
(reported in the main manuscript). Slope estimates are shown for combined land-use intensity (LUI) and for the sin-
gle components of land-use intensity (mowing, grazing, fertilization). The estimates for the observed networks are in 
orange, and the estimates for the null models are in purple. Curves show probability densities of the posterior distri-
butions, corresponding y-axes have been omitted for clarity; thin lines show the 95% highest density interval (HDI), 
bold lines show the 77.6% HDI, and points show the highest maximum a posteriori estimates. No overlap of 77.6% 
HDIs between the observation and null model indicates a significant difference on the 5% level.  



 
 

 

 

Fig. S10. 
Grasslands: posterior distributions of slope estimates for models testing the effects of grassland land-use intensity on 
network robustness. Each panel relies on a different correction method or on a combination of several methods as 
indicated by the overlaid colored shapes, each of which is representing a correction method: feeding type – down-
weighing of omnivorous insect species (yellow); information accuracy – downweighing of interactions with less 
precise information on food plants (blue); metabolic rate – estimated metabolic rate instead of abundance for insect 
species (pink); plant biomass – estimated biomass instead of cover for plant species (green) (see Supplementary 
Text for details). The bottom left graphs show the posterior distribution for the case where no corrections are applied 
(reported in the main manuscript). Slope estimates are shown for combined land-use intensity (LUI) and for the sin-
gle components of land-use intensity (mowing, grazing, fertilization). The estimates for the observed networks are in 
orange, and the estimates for the null models are in purple. Curves show probability densities of the posterior distri-
butions, corresponding y-axes have been omitted for clarity; thin lines show the 95% highest density interval (HDI), 
bold lines show the 77.6% HDI, and points show the highest maximum a posteriori estimates. No overlap of 77.6% 
HDIs between the observation and null model indicates a significant difference on the 5% level.



 
 

 

 

Fig. S11. 
Forests: analyses for data of one year including herbivore data from forest canopies. Posterior distributions of (A) 
slope estimates and (B) intercept estimates for the fixed effects from hierarchical models testing the effects of land-
use intensity on network metrics in observed networks (orange) and null model networks (purple), in which network 
size and connectance were kept constant. Slope estimates are shown for models on combined land-use intensity 
(ForMI) and for models on the single components of land-use intensity (Inonat: proportion of tree species that are 
not part of the natural community; Iharv: proportion of harvested wood volume; Idwcut: proportion of deadwood 
with saw cuts). Positive estimates indicate higher values at high land-use intensity. Intercept estimates correspond to 
overall means given that all variables were scaled. Intercepts were obtained from the model on the combined ForMI 
index. Values were rescaled to the original metric scale. Curves show probability densities of the posterior distribu-
tions; thin lines show the 95% highest density interval (HDI), bold lines show the 77.6% HDI, and points show the 
highest maximum a posteriori estimates. No overlap of 77.6% HDIs between the observation and null model indi-
cates a significant difference on the 5% level. Shaded purple areas show the posterior distributions for single null-
model realizations (n = 100). (C) Results from piecewise structural equation models testing the effects of land-use 
intensity components on basic network metrics (network size, connectance), modularity and nestedness, and their 
relationship with robustness. Numbers show standardized path coefficients for significant pathways. Network size 
was square-root transformed prior to analyses. Positive paths are in black, negative in red, and non-significant in 
grey. R2 values (conditional) for all variables are provided within the boxes. Fisher’s C = 7.93, P = 0.019.   



 
 

 

 

Fig. S12. 
Forests: analyses for the case where imprecise interaction information was excluded from the interaction database 
(i.e., information higher than plant-family level). Posterior distributions of (A) slope estimates and (B) intercept esti-
mates for the fixed effects from hierarchical models testing the effects of land-use intensity on network metrics in 
observed networks (orange) and null model networks (purple), in which network size and connectance were kept 
constant. Slope estimates are shown for models on combined land-use intensity (ForMI) and for models on the sin-
gle components of land-use intensity (Inonat: proportion of tree species that are not part of the natural community; 
Iharv: proportion of harvested wood volume; Idwcut: proportion of deadwood with saw cuts). Positive estimates in-
dicate higher values at high land-use intensity. Intercept estimates correspond to overall means given that all varia-
bles were scaled. Intercepts were obtained from the model on the combined ForMI index. Values were rescaled to 
the original metric scale. Curves show probability densities of the posterior distributions; thin lines show the 95% 
highest density interval (HDI), bold lines show the 77.6% HDI, and points show the highest maximum a posteriori 
estimates. No overlap of 77.6% HDIs between the observation and null model indicates a significant difference on 
the 5% level. Shaded purple areas show the posterior distributions for single null-model realizations (n = 100). (C) 
Results from piecewise structural equation models testing the effects of land-use intensity components on basic net-
work metrics (network size, connectance), modularity and nestedness, and their relationship with robustness. Num-
bers show standardized path coefficients for significant pathways. Network size was square-root transformed prior 
to analyses. Positive paths are in black, negative in red, and non-significant in grey. R2 values (conditional) for all 
variables are provided within the boxes. Fisher’s C = 0.29, P = 0.866. 



 
 

 

 

Fig. S13. 
Forests: Analyses for the case where all plant species were added in very small quantities to all plots (i.e., no herbi-
vores excluded because of missing food sources). Posterior distributions of (A) slope estimates and (B) intercept 
estimates for the fixed effects hierarchical models testing the effects of land-use intensity on network metrics in ob-
served networks (orange) and null model networks (purple), in which network size and connectance were kept con-
stant. Slope estimates are shown for models on combined land-use intensity (ForMI) and for models on the single 
components of land-use intensity (Inonat: proportion of tree species that are not part of the natural community; 
Iharv: proportion of harvested wood volume; Idwcut: proportion of deadwood with saw cuts). Positive estimates in-
dicate higher values at high land-use intensity. Intercept estimates correspond to overall means given that all varia-
bles were scaled. Intercepts were obtained from the model on the combined ForMI index. Values were rescaled to 
the original metric scale. Curves show probability densities of the posterior distributions; thin lines show the 95% 
highest density interval (HDI), bold lines show the 77.6% HDI, and points show the highest maximum a posteriori 
estimates. No overlap of 77.6% HDIs between the observation and null model indicates a significant difference on 
the 5% level. Shaded purple areas show the posterior distributions for single null-model realizations (n = 100). (C) 
Results from piecewise structural equation models testing the effects of land-use intensity components on basic net-
work metrics (network size, connectance), modularity and nestedness, and their relationship with robustness. Num-
bers show standardized path coefficients for significant pathways. Network size was square-root transformed prior 
to analyses. Positive paths are in black, negative in red, and non-significant in grey. R2 values (conditional) for all 
variables are provided within the boxes. Fisher’s C = 13.50, P = 0.001.  



 
 

 

 

Fig. S14. 
Forests: Analyses for the case where interaction strength was not considered (i.e., presence–absence networks). Pos-
terior distributions of (A) slope estimates and (B) intercept estimates for the fixed effects from hierarchical models 
testing the effects of land-use intensity on network metrics in observed networks (orange) and null model networks 
(purple), in which network size and connectance were kept constant. Slope estimates are shown for models on com-
bined land-use intensity (ForMI) and for models on the single components of land-use intensity (Inonat: proportion 
of tree species that are not part of the natural community; Iharv: proportion of harvested wood volume; Idwcut: pro-
portion of deadwood with saw cuts). Positive estimates indicate higher values at high land-use intensity. Intercept 
estimates correspond to overall means given that all variables were scaled. Intercepts were obtained from the model 
on the combined ForMI index. Values were rescaled to the original metric scale. Curves show probability densities 
of the posterior distributions; thin lines show the 95% highest density interval (HDI), bold lines show the 77.6% 
HDI, and points show the highest maximum a posteriori estimates. No overlap of 77.6% HDIs between the observa-
tion and null model indicates a significant difference on the 5% level. Shaded purple areas show the posterior distri-
butions for single null-model realizations (n = 100). (C) Results from piecewise structural equation models testing 
the effects of land-use intensity components on basic network metrics (network size, connectance), modularity and 
nestedness, and their relationship with robustness. Numbers show standardized path coefficients for significant path-
ways. Network size was square-root transformed prior to analyses. Positive paths are in black, negative in red, and 
non-significant in grey. R2 values (conditional) for all variables are provided within the boxes. Fisher’s C = 14.78, 
P = 0.001.   



 
 

 

 

Fig. S15. 
Forests: posterior distributions of slope estimates for models testing the effects of forest land-use intensity on net-
work modularity. Each panel relies on a different correction method or on a combination of several methods as indi-
cated by the overlaid colored shapes, each of which is representing a correction method: feeding type – downweigh-
ing of omnivorous insect species (yellow); information accuracy – downweighing of interactions with less precise 
information on food plants (blue); metabolic rate – estimated metabolic rate instead of abundance for insect species 
(pink); plant biomass – estimated biomass instead of cover for plant species (green) (see Supplementary Text for 
details). The bottom left graphs show the posterior distribution for the case where no corrections are applied (re-
ported in the main manuscript). Slope estimates are shown for combined land-use intensity (ForMI) and for the sin-
gle components of land-use intensity (Inonat: proportion of tree species that are not part of the natural community; 
Iharv: proportion of harvested wood volume; Idwcut: proportion of deadwood with saw cuts). The estimates for the 
observed networks are in orange, and the estimates for the null models are in purple. Curves show probability densi-
ties of the posterior distributions, corresponding y-axes have been omitted for clarity; thin lines show the 95% high-
est density interval (HDI), bold lines show the 77.6% HDI, and points show the highest maximum a posteriori esti-
mates. No overlap of 77.6% HDIs between the observation and null model indicates a significant difference on the 
5% level.  



 
 

 

 

Fig. S16. 
Forests: posterior distributions of slope estimates for models testing the effects of forest land-use intensity on net-
work nestedness. Each panel relies on a different correction method or on a combination of several methods as indi-
cated by the overlaid colored shapes, each of which is representing a correction method: feeding type – downweigh-
ing of omnivorous insect species (yellow); information accuracy – downweighing of interactions with less precise 
information on food plants (blue); metabolic rate – estimated metabolic rate instead of abundance for insect species 
(pink); plant biomass – estimated biomass instead of cover for plant species (green) (see Supplementary Text for 
details). The bottom left graphs show the posterior distribution for the case where no corrections are applied (re-
ported in the main manuscript). Slope estimates are shown for combined land-use intensity (ForMI) and for the sin-
gle components of land-use intensity (Inonat: proportion of tree species that are not part of the natural community; 
Iharv: proportion of harvested wood volume; Idwcut: proportion of deadwood with saw cuts). The estimates for the 
observed networks are in orange, and the estimates for the null models are in purple. Curves show probability densi-
ties of the posterior distributions, corresponding y-axes have been omitted for clarity; thin lines show the 95% high-
est density interval (HDI), bold lines show the 77.6% HDI, and points show the highest maximum a posteriori esti-
mates. No overlap of 77.6% HDIs between the observation and null model indicates a significant difference on the 
5% level.  



 
 

 

 

Fig. S17. 
Forests: posterior distributions of slope estimates for models testing the effects of forest land-use intensity on net-
work robustness. Each panel relies on a different correction method or on a combination of several methods as indi-
cated by the overlaid colored shapes, each of which is representing a correction method: feeding type – downweigh-
ing of omnivorous insect species (yellow); information accuracy – downweighing of interactions with less precise 
information on food plants (blue); metabolic rate – estimated metabolic rate instead of abundance for insect species 
(pink); plant biomass – estimated biomass instead of cover for plant species (green) (see Supplementary Text for 
details). The bottom left graphs show the posterior distribution for the case where no corrections are applied (re-
ported in the main manuscript). Slope estimates are shown for combined land-use intensity (ForMI) and for the sin-
gle components of land-use intensity (Inonat: proportion of tree species that are not part of the natural community; 
Iharv: proportion of harvested wood volume; Idwcut: proportion of deadwood with saw cuts). The estimates for the 
observed networks are in orange, and the estimates for the null models are in purple. Curves show probability densi-
ties of the posterior distributions, corresponding y-axes have been omitted for clarity; thin lines show the 95% high-
est density interval (HDI), bold lines show the 77.6% HDI, and points show the highest maximum a posteriori esti-
mates. No overlap of 77.6% HDIs between the observation and null model indicates a significant difference on the 
5% level.  



 
 

 

 

Fig. S18. 
Percentage of the module area occupied by modules belonging to three different groups based on the plant species 
composition of the modules, shown along the gradient of intensity of mowing, grazing and fertilization. If more than 
50% of plant species are of one plant order, a module is categorized as Grasses (for Poales) or Rest (other plant or-
ders). If plants cannot be categorized to a main plant order, a module is categorized as Diverse. Each point denotes a 
plot and module category. Lines show separate linear models. Linear mixed effects models on the combined effect 
of intensity and frequency of mowing, grazing and fertilization show a significant positive effect of mowing 
(t = 2.024, df = 145.9, P = 0.0448) and a significant negative effect of grazing (t = -2.828, df = 146.0, P = 0.00534) 
on the proportion of Grasses modules (Satterthwaite’s method in R package lmer).  
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Fig. S19. 
Difference between connectance within a module and connectance outside of this module (i.e., across all other plant 
species in the plot). A difference of 1 indicates complete connectance within a module and no interactions of the 
herbivores with plants outside of the module. Values around 0 indicate similar connectance within and outside a 
module. If more than 50% of plant species are of one plant order, a module is categorized as Grasses (for Poales) or 
Rest (other plant orders). If plants cannot be categorized to a main plant order, a module is categorized as Diverse. 
Each point denotes a module in a plot, with point size indicating module size (i.e., number of plants times number of 
herbivores). The boxplots summarize the distribution of values. Components are mid line (median), box edges (first 
and third quartiles), and whiskers (extend to the lowest and highest observed values that lie within 1.5 times the in-
terquartile distance).  
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Fig. S20. 
(A) Robustness and (B) percentage of species categorized as monophagous (i.e., feeding on plant species of one ge-
nus only) (C) mowing intensity and (D) fertilization intensity along the gradient of grazing intensity. Points repre-
sent plots (n = 150), and lines and shading show a local polynomial regression line with 95% confidence bands.  



 
 

 

 

Fig. S21. 
Maps of the three study regions (Schorfheide-Chorin, Hainich-Dün, Schwäbische Alb). The panel on the top left 
shows the location of the three regions within Germany, the detail maps of all regions show grassland and forest 
ecosystems. The position of all plots used for the analyses is shown (n = 289). The maps were produced in collabo-
ration with the local management teams of the Biodiversity Exploratories.  



 
 

 

 

Fig. S22. 
Grasslands: Community composition of plants (left) and herbivorous insects (right) for each plot and sampling year 
expressed in two axes from principal coordinates analysis (PCoA) based on Bray-Curtis distances between commu-
nities. Separate analyses were conducted for the three study regions. Each point shows one plot and year, colors in-
dicate the year of sampling and grey lines connect samplings of the same plot. Bold lines connect mean values for 
each sampling year for three groups of plots, separated by land-use intensity (LUI) into three categories (low, me-
dium, high).  



 
 

 

 

Fig. S23. 
Forests: Community composition of plants (left) and herbivorous insects (right) for each plot and sampling year ex-
pressed in two axes from principal coordinates analysis (PCoA) based on Bray-Curtis distances between communi-
ties. Separate analyses were conducted for the three study regions. Each point shows one plot and year, colors indi-
cate the year of sampling and grey lines connect samplings of the same plot. Bold lines connect mean values for 
each sampling year for three groups of plots, separated by land-use intensity (ForMI) into three categories (low, me-
dium, high). Plant data only includes annual vegetation surveys but not regeneration and tree inventories.  



 
 

 

 

Fig. S24. 
Network metrics for temporally resolved networks in grasslands (left) and forests (right). In grasslands, two consec-
utive years were pooled, resulting in a total of five timesteps. In forests, the three sampling years were analyzed sep-
arately. For each metric and system, the values are shown arranged by plot, sorted by the value determined for the 
pooled data. Values for temporally resolved data are shown with boxplots, values for the pooled data are shown with 
the red dots.  
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Table S1. 
Sampling numbers (numbers of species/genera and number of individuals) for all insect groups. 
   

 

Sweep netting (grasslands)  Flight-interception traps (forests) 
  

 

Juv. No 
ID 

No 
spec. 

No 
herb. 

No 
info. 

No 
vasc. Remain  Juv. No 

ID 
No 

spec. No herb. No 
info. 

No 
vasc. Remain 

Auchenorr. 

Genus/ 
Species 

 – – 4 0 1 0 161  – – 4 
(+3) 

0 
(+0) 

0 
(+0) 

0 
(+0) 

65 
(+14) 

Abund. 
 18,488 56 6 0 6 0 106,983  389 

(+106) 
43 

(+78) 
4 

(+4) 
0 

(+0) 
0 

(+0) 
0 

(+0) 
768 

(+677) 

Heteroptera 

Genus/ 
Species 

 – – 2 21 0 2 180  – – 1 
(+2) 

46 
(+7) 

0 
(+0) 

1 
(+1) 

147 
(+27) 

Abund. 
 74,538 280 2 863 0 3 45,470  1,074 

(+243) 
94 

(+82) 
1 

(+2) 
745 

(+568) 
0 

(+0) 
1 

(+1) 
3,871 

(+5,942) 

Coleoptera 

Genus/ 
Species 

 – – 1 318 15 2 406  – – 0 
(+0) 

1,150 
(+61) 

27 
(+1) 

2 
(+1) 

334 
(+31) 

Abund. 
 – 8 6 7,068 93 3 28,932  – 32 

(+18) 
0 

(+0) 
74,108 

(+10,781) 
2,011 

(+181) 
5 

(+1) 
44,275 

(+9,854) 

Orthoptera 

Genus/ 
Species 

 – – 0 1 0 0 27  – – 0 
(+0) 

1 
(+0) 

0 
(+0) 

0 
(+0) 

6 
(+1) 

Abund. 
 6,396 169 0 1 0 0 3,143  6 

(+29) 
0 

(+0) 
0 

(+0) 
62 

(+164) 
0 

(+0) 
0 

(+0) 
20 

(+6) 
For flight-interception traps, numbers in brackets show numbers from additional samples taken in forest canopies only in 2008. 
Numbers of species/genera show additional species/genera. 

Juv.: Number of juvenile individuals sampled. Only recorded for hemimetabolic insect groups. Juveniles were excluded from further 
analyses. 

No ID: Individuals not identified to the genus or species level. These individuals were excluded from further analyses. 

No spec.: Genus-level specimens that could not be assigned to the species level. These individuals were excluded from further 
analyses. 

No herb.: Species without a herbivorous diet. These individuals were excluded from further analyses. 

No info.: Herbivorous species for which no information on food plants could be found in the literature. These individuals were ex-
cluded from further analyses. 

No vasc.: Herbivorous species only feeding on non-vascular plants (bryophytes, algae, lichens). These individuals were excluded 
from further analyses. 

Remain: Remaining number of species/individuals, which were used for analyses. 

Auchenorr.: Auchenorrhyncha  



 
 

 

Table S2. 
Detailed results from structural equation modeling for the relations among different network metrics without includ-
ing land-use intensity. Standardized estimates for all pathways linking response and predictor variables are reported 
and significances indicated (*** : P ≤ 0.001, ** : P ≤ 0.01, * : P ≤ 0.05). Conditional R2 values are given for all re-
sponse variables. Different analyses were run for the two ecosystems (grasslands, forests) and different sensitivity 
scenarios were used. Fisher’s C values and significance for all structural equation models are reported in the sensi-
tivity scenario column. Note that network size was square-root transformed. 
  

Sensitivity 
scenario 

Response Predictor R2   
Network size Connectance Modularity Nestedness 

 

G
ra

ss
la

nd
s 

– 
(C = 0.04) 

Connectance -0.16*** – – – 0.19 
Modularity 0.21 -0.23 – – 0.05 
Nestedness 0.07 -0.14 – – 0.63 
Robustness 0.008*** 0.009 0.000 0.024*** 0.48 

no impr. 
(C = 5.95) 

Connectance -0.53*** – – – 0.51 
Modularity 0.12 -0.24 – – 0.08 
Nestedness 0.02 0.46*** – – 0.27 
Robustness 0.013*** -0.010 0.003 0.022*** 0.41 

all plants 
(C = 2.41) 

Connectance -0.13*** – – – 0.50 
Modularity 0.29** -0.24 – – 0.12 
Nestedness 0.04 1.04*** – – 0.71 
Robustness 0.003 -0.004 -0.000 0.008 0.05 

pres.-abs. 
(C = 2.88) 

Connectance -0.16*** – – – 0.19 
Modularity 0.01 -1.06*** – – 0.32 
Nestedness 0.21*** 1.10*** – – 0.61 
Robustness -0.011*** -0.028*** 0.014*** 0.039*** 0.55 

Fo
re

st
s 

– 
(C = 0.39) 

Connectance -0.60*** – – – 0.61 
Modularity 0.38*** -0.15 – – 0.25 
Nestedness 0.31*** 0.19* – – 0.10 
Robustness 0.021*** -0.001 -0.010*** 0.017*** 0.54 

no impr. 
(C = 0.01) 

Connectance -1.32*** – – – 0.49 
Modularity 0.55** -0.16 – – 0.26 
Nestedness 0.33 0.38*** – – 0.16 
Robustness 0.036*** -0.018*** -0.008* 0.018*** 0.52 

all plants 
(C = 12.22**) 

Connectance -0.45*** – – – 0.55 
Modularity 0.52*** -0.08 – – 0.35 
Nestedness 0.29** 0.93*** – – 0.68 
Robustness 0.013*** 0.002 -0.002 0.003 0.33 

pres.-abs. 
(C = 9.25*) 

Connectance -0.60*** – – – 0.61 
Modularity -0.94*** -0.94*** – – 0.53 
Nestedness 0.27** 0.38*** – – 0.17 
Robustness 0.025*** 0.015*** 0.006* 0.000 0.31 

Sensitivity scenarios: –: data as presented in the main manuscript; no impr.: imprecise interaction information was excluded from the 

interaction data base (i.e., information higher than plant-family level); all plants: all plant species were added in very small quantities 

to all plots (i.e., no herbivores excluded because of missing food sources); pres.-abs.: interaction strength was not considered (i.e., 

presence–absence networks)  



 
 

 

Table S3. 
Summarized path coefficients from structural equation modelling for the effects of land-use intensity on network 
robustness. Two different models are shown (grasslands, forests) and effects are shown for the different land-use 
components. Indirect pathways are split into three categories: through basic network metrics (network size, connec-
tance), modularity and nestedness. Total path coefficients show the sum of all indirect and direct pathways. 
 

Model Driver  Indirect  Direct Total 
  Basic metrics Modularity Nestedness   

Grassland 

Mowing -0.14 0.00 -0.04 0.19 0.01 

Grazing -0.05 -0.02 0.01 0.26 0.19 
Fertilization -0.03 -0.02 0.02 -0.04 -0.06 

Forest 

Inonat 0.29 -0.07 -0.01 0.08 0.30 

Iharv 0.12 0.02 0.09 -0.10 0.13 

Idwcut 0.04 -0.05 -0.01 -0.03 -0.05 
Significant and non-significant pathways are included in this summary. 

Positive coefficients are in black, negative coefficients in red. 

Inonat: proportion of tree species that are not part of the natural community. 

Iharv: proportion of harvested wood volume. 

Idwcut: proportion of deadwood with saw cuts.  



 
 

 

Table S4. 
Overview of literature sources used to compile the interaction database. 
 
Taxon Sources 
Auchenorrhyncha refs. (77, 79) 
Heteroptera refs. (80–97) 
Coleoptera refs. (82, 98–110) 
Orthoptera refs. (111–113) 

  



 
 

 
 

Table S5. 
Prior distributions for hierarchical model parameters. 
 
Parameter Prior distribution 
𝜎)  𝜎)~Cauchy(0,1) ∈ [0,100] 

𝜎BC 𝜎BC~Cauchy(0,2.5) ∈ [0, 100] 

𝜎G 𝜎G~Cauchy(0, 25) ∈ [0, 100] 
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