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Abstract
1. Understanding how biodiversity varies under different environmental con-
ditions is one of the central aims of ecology. Mean environmental conditions
and heterogeneity have an effect on biodiversity. Increased heterogeneity is
generally associated with increased diversity, but mean conditions tend to
have a stronger influence. Conditions on site are embedded into a landscape
context, which adds another layer of complexity to be considered. Due to the
rarity of multi-taxon data it remains unclear if resulting patterns are similar
across taxa. Most European forests are managed, and management strongly
influences both mean conditions and heterogeneity. How different species
groups respond to variation in these forest characteristics is therefore crucial
for testing ecological theories and designing effective conservation measures
for management.

2. We assessed the effects of environmental conditions on biodiversity of
seven taxonomic groups in a temperate mountain forest area in Central Eu-
rope. We analysed the responses of biodiversity (species richness, Shannon
diversity, and β-diversity) to three groups of environmental variables: local
mean conditions, local heterogeneity, and landscape. Our objectives were to
determine which group of variables is most important in explaining biodiver-
sity variation, and whether certain environmental conditions have consistent
effects on the diversity of multiple taxonomic groups.

3. We found that the effects of environmental conditions varied substan-
tially between taxa and aspects of biodiversity. The proportion of conifers
had the largest number of significant effects overall, but the direction var-
ied between taxa. None of the three groups of variables was more relevant
in explaining the variation in biodiversity. While an increase in local het-
erogeneity and higher values in the landscape context were associated with
increased diversity, an increase in mean conditions was mainly negatively
associated with diversity.

4. Synthesis and applications. Our results show that no single factor
or group of factors affects biodiversity across different species groups in the
same way. For management, this means that stand-level interventions, such
as retention of old-growth elements, are likely not sufficient to promote the
many aspects of biodiversity. Instead, different types of management are
likely needed for objective-specific biodiversity conservation at the landscape
scale.
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Abstract4

1. Understanding how biodiversity varies under different environmental conditions is one of5

the central aims of ecology. Mean environmental conditions and heterogeneity have an effect6

on biodiversity. Increased heterogeneity is generally associated with increased diversity, but7

mean conditions tend to have a stronger influence. Conditions on site are embedded into a8

landscape context, which adds another layer of complexity to be considered. Due to the rarity9

of multi-taxon data it remains unclear if resulting patterns are similar across taxa. Most Eu-10

ropean forests are managed, and management strongly influences both mean conditions and11

heterogeneity. How different species groups respond to variation in these forest character-12

istics is therefore crucial for testing ecological theories and designing effective conservation13

measures for management.14

2. We assessed the effects of environmental conditions on biodiversity of seven taxonomic15

groups in a temperate mountain forest area in Central Europe. We analysed the responses of16

biodiversity (species richness, Shannon diversity, and β-diversity) to three groups of environ-17

mental variables: local mean conditions, local heterogeneity, and landscape. Our objectives18

were to determine which group of variables is most important in explaining biodiversity vari-19

ation, and whether certain environmental conditions have consistent effects on the diversity20

of multiple taxonomic groups.21

3. We found that the effects of environmental conditions varied substantially between taxa22
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and aspects of biodiversity. The proportion of conifers had the largest number of significant ef-23

fects overall, but the direction varied between taxa. None of the three groups of variables was24

more relevant in explaining the variation in biodiversity. While an increase in local hetero-25

geneity and higher values in the landscape context were associated with increased diversity,26

an increase in mean conditions was mainly negatively associated with diversity.27

4. Synthesis and applications. Our results show that no single factor or group of factors28

affects biodiversity across different species groups in the same way. For management, this29

means that stand-level interventions, such as retention of old-growth elements, are likely not30

sufficient to promote the many aspects of biodiversity. Instead, different types of management31

are likely needed for objective-specific biodiversity conservation at the landscape scale.32
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Introduction33

Environmental conditions are the architects of biodiversity. Among these conditions, the avail-34

ability of energy and limiting resources plays a pivotal role fostering greater biodiversity35

(Coelho et al., 2025). More energy allows for larger population sizes, which reduces extinc-36

tion risk and expands the community’s total niche space, ultimately enriching the regional37

species pool (e.g. Hawkins et al., 2003; Field et al., 2009). This relationship aligns with the38

”more-individuals hypothesis,” which posits that higher resource availability sustains greater39

numbers of individuals and, consequently, more species reducing the probability of local ex-40

tinctions (Srivastava and Lawton, 1998; Storch et al., 2018).41

One of the most studied mechanisms of biodiversity variation under environmental condi-42

tions is the heterogeneity-diversity relationship (e.g. Stein et al., 2014, and references therein).43

According to thishypothesis, spatially heterogeneous environments can accommodate more44

species because they provide a greater variety of niches and resources (Bazzaz, 1975). How-45

ever, some studies also found none or even negative effects of heterogeneity on species rich-46

ness (reviewed by Tews et al., 2004; Stein et al., 2014). An explanation for such divergent pat-47

terns is a trade-off between the amount of resources or habitat types and the available area of48

each habitat or resource (area-heterogeneity trade-off: Kadmon and Allouche, 2007; Allouche49

et al., 2012). This trade-off produces a hump-shaped relationship between heterogeneity and50

diversity, with a decrease of biodiversity at high heterogeneity levels due to a greater risk of51

stochastic extinctions in increasing smaller patches with suitable conditions. Although the re-52

lationship between environmental heterogeneity and biodiversity can be more complex than53

initially thought (Heidrich et al., 2020), the notion that heterogeneity is generally beneficial54

for biodiversity is still widespread in the ecological and nature conservation literature (e.g.55

Benton et al., 2003; Bollmann et al., 2009; Brunet et al., 2010; Kati et al., 2010; Uhl et al., 2024;56

Ampoorter et al., 2020).57

However, biodiversity also depend on historical and biotic conditions. Common or histor-58

ically predominant environmental conditions tend to harbour larger, yet often less diverse,59

species pools, as these conditions favour a narrower range of ecological strategies (e.g. Taylor60
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et al., 1990; Pärtel et al., 1996; Ewald, 2003; Zobel, 2016). Finally, the physical landscape itself61

acts as both a canvas and a constraint: it defines the spatial availability of habitats and their62

fragmentation, particularly influencing species with limited dispersal ability and strongly de-63

pendent on habitat connectivity (Fuentes-Montemayor et al., 2017). Together, these factors in-64

tricately weave the tapestry of biodiversity, highlighting the interplay between environmental65

mean conditions, heterogeneity, historical processes, and spatial structure.66

Although the separate effects of environmental heterogeneity, mean environmental site67

conditions, and landscape context on biodiversity have been the subject of numerous studies,68

few have evaluated the relative importance of these factors for variation in species diversity.69

Evidence from plant communities suggests that the quantity of resources influence the rich-70

ness of the species under a wider range of conditions than resource heterogeneity (Stevens71

and Carson, 2002; Bartels and Chen, 2010; Šı́mová et al., 2013). However, direct comparisons72

between these drivers across different taxa are still scarce. Such a comparison would improve73

our understanding of forest biodiversity drivers and provide valuable information to preserve74

and promote biodiversity in managed ecosystems, where environment heterogeneity can be75

influenced.76

In temperate European forests, both mean environmental conditions and heterogeneity are77

strongly influenced by management (Menge et al., 2023). While traditionally the primary pur-78

pose of forest management has been timber production, biodiversity conservation has become79

an important additional goal in managed forests, as unmanaged forests dedicated for conser-80

vation are limited in size and connectivity (Bollmann and Braunisch, 2013). Traditional forest81

management for timber production frequently reduces structural heterogeneity at the stand82

level, for example, variation in tree age and height (Brunet et al., 2010; Bauhus et al., 2017),83

and decreases the availability of resources and habitats such as deadwood and tree cavities84

(e.g. Müller et al., 2007).85

In order to compensate for these effects, retention forestry was recently introduced to Cen-86

tral Europe to promote the preservation of physical old-growth elements such as deadwood87

and large old trees. These could act as resources and refuges for species dependent on them.88

This old-growth elements also serve as stepping stones in the landscape contributing to con-89
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nectivity (Gustafsson et al., 2012; Lindenmayer et al., 2012; Fedrowitz et al., 2014). Whether90

biodiversity in general benefits from retention forestry is still an area of active investigation91

(Gustafsson et al., 2020, and references therein), however this knowledge is crucial for practi-92

tioners and conservationists alike.93

Previous studies on the effects of forest characteristics on biodiversity compared general94

management types (such as clear cut and selective cutting) (e.g. Paillet et al., 2010; Chaudhary95

et al., 2016; Schall et al., 2018) or focused on relationships between particular forest charac-96

teristics (e.g., tree species diversity, deadwood) and diversity of single taxonomic groups (e.g.97

Gil-Tena et al., 2007; Vockenhuber et al., 2011; Bouget et al., 2013). In comparison, the response98

of multiple taxa to variation in forest structure still remains understudied, mostly because it99

requires a large, concerted effort. Studies such as Penone et al. (2019); Ampoorter et al. (2020);100

Sabatini et al. (2019); Schall et al. (2020); Heidrich et al. (2020) and Heidrich et al. (2023) showed101

mixed responses for different species groups, but also clear and consistent effects of mean lo-102

cal conditions related, in particular, to the type of dominant tree (conifers vs. oak) and canopy103

cover. However, it is unclear whether their results can be transferred to other species groups104

or forest types, such as conifer-dominated mountain forests.105

In this study, we investigate the influence of mean environmental conditions and envi-106

ronmental heterogeneity on the species diversity of seven taxonomic groups in a temperate107

mountain forest area in central Europe. Forest stands included in this study are mainly conifer-108

dominated or mixed conifer-broadleaved forests and managed by selective logging under con-109

tinuous cover forestry with different degrees of retention of deadwood and large habitat trees.110

As predictors of diversity, we included structural and compositional variables largely deter-111

mined by forest management and physical site conditions, which in previous studies explained112

a substantial part of the variation in biodiversity, especially in mountain ecosystems (Körner,113

2007). In addition to local-scale heterogeneity and mean conditions, we also included vari-114

ables describing the landscape in our analyses, as many organisms move and disperse over115

areas larger than the size of our study plots. We studied three aspects of biodiversity: I) species116

richness, as it is the most widely used diversity measure, higher levels of species richness are117

generally associated with greater ecosystem functioning, stability, and productivity, II) Shan-118
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non diversity, to account for species’ relative abundances, using a good indicator of abundance119

and evenness, and III) β diversity, to account for the identity of species co-occurring at each120

site and species turnover between sites. Our main aims were to elucidate whether one of the121

three groups of environmental variables has a dominant effect in explaining variation in bio-122

diversity, and to test if any of the environmental conditions has a homogeneous effect (same123

direction) across several taxonomic groups and aspects of biodiversity.124

Concise information regarding these aspects will give a concise evaluation of the range and125

way in which they shape biodiversity and foster ecological theory evaluation as conservation126

practice alike.127

Methods128

Study area129

The study area is located in the Black Forest (Schwarzwald) in Baden-Württemberg, southern130

Germany. Small parts of the study area to the east are outside of the bioregion of the Black131

Forest (Naturraum Baar) but are subsumed for simplicity. The area is dominated by granite132

and gneiss to the west and south, while to the east and north sandstone prevails. Limestone133

areas can be found on the eastern edge. The climate is temperate, but has a relatively large134

temperature gradient, ranging from 4°C average annual temperature in the mountains (<1500135

m. a.s.l.) to 10.4°C in the lowlands (> 120 m.a.s.l.) (Gauer and Aldinger, 2005). About 75% (3650136

km2) of the area is forested, with forest mostly consisting of Norway spruce (Picea abies) (42.8%)137

followed by silver fir (Abies alba) (18.5%) and beech (Fagus sylvatica) (15.3%). While Norway138

spruce is seen as naturally occurring in the region in higher elevations, it has been planted139

preferably in the past for economic reasons, leading to a high share of canopy cover in the140

landscape (Spiecker et al., 2000).141
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Plot selection142

Our study is based on 135 one hectare forest plots located within state-owned and managed143

forests. The plots are above 400 and below 1500 metres m.a.s.l. and contain no bodies of water144

except for puddles or little brooks. None of the plots exceed an average slope of more than145

35°, but plots are rarely flat. Plots were selected based on two gradients, initially estimated146

using remote sensing and later confirmed and adjusted on the ground. Those gradients were147

1) forested area in proximity (as an indicator of connectivity) and 2) the volume of deadwood148

(as a proxy for the effect of different retention levels). (Storch et al., 2020)149

Biodiversity data150

We included data from seven groups defined by taxonomy and sampling methods in the anal-151

yses: vascular plants, wood-inhabiting fungi (hereafter: fungi), birds, bats, mammals, beetles152

(insect order Coleoptera) and cavity-nesting bees and wasps (order Hymenoptera). Beetles153

were identified at the family level, and bats were assigned to acoustic groups (some of which154

are single species) according to their calls. All other groups were identified at the species level.155

Larger, terrestrial mammals (hereafter: mammals) were recorded using camera traps. Small156

mammals (rodents and insectivores) were excluded because the camera setup was not optimal157

for their detection. Data collected during repeated visits to a study plot or at more than one158

location within a plot were pooled for the analyses to obtain a single abundance/activity value159

per species and plot. Plants, fungi, bees and wasps were sampled with equal effort in all study160

plots. For the remaining four groups, we quantified the sampling effort per plot according to161

the sampling method (e.g. number of visits for birds). We included the sampling effort as a162

covariate in the statistical models for all taxa. A detailed description of the sampling methods163

can be found in the supplementary material.164

Environmental variables165

We classified our predictors of species diversity into three groups: local mean conditions (LM),166

local heterogeneity (LH), and landscape context (LC) (Table 1). Most variables could be placed167
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in a single category, but some can be interpreted as both local mean or local heterogeneity (e.g.168

Canopy gap share). Since we were interested in general patterns across different taxa, we chose169

variables potentially important for biodiversity and species composition of several taxonomic170

groups and excluded variables likely to affect one or two specific taxa disproportionately (e.g.171

soil pH). This means that our study does not raise the claim to capture the most important172

driver for a specific taxa, but focuses on the relative effect of drivers affecting many or all taxa173

in a dominant way.174

For local mean and heterogeneity conditions, we included variables that describe both abi-175

otic conditions and forest structure at each site. Where several measures were available to rep-176

resent an aspect of forest structure or abiotic conditions, we selected the one that was closely177

correlated with the alternative measures and not too strongly correlated with other environ-178

mental conditions (Pearson’s r < 0.7, supporting information). To characterise the landscape179

context around the study plots, we compiled a set of variables from publicly available data180

sources, including abiotic conditions, various classes of landcover, and NDVI (Normalized Dif-181

ference Vegetation Index) as a measure of productivity. As many of these landscape context182

variables showed strong correlations either to the respective local conditions or to other land-183

scape context variables, we decided to only include two landscape context variables in our184

models: forest cover and the proportion of coniferous forest (supporting information) calcu-185

lated for circles of 1, 5, 10, 15 and 20 km2 around plot centres. Since the strength and direction186

of the effects of landscape context attributes on biodiversity often vary with the spatial ex-187

tent at which the landscape context variables are measured (e.g. Jackson and Fahrig, 2015), we188

tested both landscape context variables at five spatial scales and selected the scale with the best189

model performance (10 km2) . A detailed description of the data acquisition and preparation190

can be found in the supplementary material.191

Statistical analyses192

We modeled, species richness, Shannon diversity (eH , i.e. the effective number of species) and193

β diversity (Bray-Curtis distance) of each of the seven taxonomic groups as a function of all194

environmental variables. In the following, α diversity refers to species richness and Shan-195
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non diversity, and β diversity refers to the Bray-Curtis distance. Deadwood volume and stand196

structural complexity index (SSCI) were log-transformed before the analyses to reduce skew197

in their distributions. Sampling effort was included as an additional covariate in the models198

of bats, birds, beetles and mammals in order to include any influence caused by it. All predic-199

tors were standardised to a mean of zero and a standard deviation of one to facilitate model200

convergence and comparisons of the strengths of the effects. Each model was run with the201

two landscape context variables (forest cover and proportion of coniferous forest) measured202

at each of the five spatial scales. We then selected the spatial scale with the best model perfor-203

mance based on AICc (Shannon diversity and species richness) or percent deviance explained204

(β diversity). Since we expected non-linear effects of some of the environmental variables on205

biodiversity, we modelled Shannon diversity and species richness using Generalized Additive206

Models (GAM; Wood, 2017), assuming a Gamma distribution with a logarithmic link for Shan-207

non diversity and a Poisson distribution for species richness. We checked model assumptions208

using simulated residuals provided by the R package “DHARMa” (Hartig, 2022) and tested209

for residual spatial autocorrelation using Moran’s I. As the residuals of the models of species210

richness of bats, beetles, birds and mammals showed underdispersion, we switched to a quasi-211

Poisson estimation procedure for these groups. To account for overdispersion in the models of212

bees and wasps and plants, we specified a negative binomial distribution. We did not a spatial213

autocorrelation structure in the model, since Moran’s I test for residual spatial autocorrelation214

was only significant for the Shannon diversity of bats, and a semi-variogram of the residu-215

als of this model showed no signs of autocorrelation. To model the β diversity of the seven216

species groups, we used generalized dissimilarity modelling (GDM; Ferrier et al., 2007). We217

modelled the matrix of Bray-Curtis distances between pairs of study plots as a function of218

their differences in environmental conditions and geographic distance. With the fitted model,219

we calculated a measure of variable importance based on the permutation of single predictors.220

Specifically, variable importance is the percentage change in deviance between models with221

the respective variable permuted and unpermuted.222

All statistical analyses were performed using R version 4.2.2 (R Core Team, 2022).223
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Results224

Effects of environmental conditions varied both between taxonomic groups (Table 2 and 3,225

Fig. 1 and 2). The predictors included in the models of α diversity explained on average 31% of226

variation in species/group richness and 23% of variation in Shannon diversity between sites.227

However, this proportion was much lower for plants (7% and 5%, respectively). Across all tax-228

onomic groups, 18 of 102 combinations of predictor and response variable were significant for229

species/group richness and Shannon diversity. The number of significant variables was low-230

est in plant and mammal α diversity models. Most significant variables had monotonously231

increasing or decreasing effects on α diversity, which were often approximately linear (Sup-232

plementary material). Few relationships were hump-shaped or even more strongly non-linear.233

In models of β diversity, the average proportion of deviance explained was markedly lower234

(15.2%) than in models of Shannon diversity (34%) and species richness (41%). This proportion235

was highest for the β diversity of beetle families (34%) and lowest for plants (1%).236

All three groups of variables (local mean conditions, local heterogeneity, landscape con-237

text) were equally important across taxa or aspects of biodiversity. While local higher levels238

of mean environmental conditions had mostly negative effects on α diversity, significant ef-239

fects of local heterogeneity were generally positive, except for a negative relationship between240

stand structural complexity (SSCI) and Shannon diversity of beetle families (Fig. 1). At the lo-241

cal scale, both abiotic conditions and forest structure and composition explained some of the242

variation in biodiversity between study plots, but most variables only had significant effects243

on one or two of the seven taxonomic groups. For example, only mean canopy height had244

a significant effect on Shannon diversity of bats, while only canopy gap share affected the245

species richness of bees and wasps. Deadwood volume and diversity had no significant effect246

on any taxonomic group’s richness or Shannon diversity, except for a slight positive effect of247

deadwood diversity on bat Shannon diversity. However, the two deadwood-related variables248

had an effect on the β diversity of several groups. Elevation was the most important abiotic249

factor, having a negative effect on richness of bees and wasps and Shannon diversity of bats,250

bees and wasps. The proportion of conifers (either at the local plot scale or in the surrounding251
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landscape) was important for richness, Shannon diversity and β diversity of several taxonomic252

groups, but the direction of its effect on α diversity varied between taxa. For instance, both253

local and landscape scale proportion of conifers had negative effects on species richness of254

fungi, whereas landscape scale coniferous share was positively related to Shannon diversity255

of beetle families, birds and bees and wasps.256

Model performance comparisons indicated that the most relevant spatial scale of the two257

landscape context variables differed between the seven taxonomic groups (Table 2 and 3) and258

between α and β diversity (supporting information). In models of α diversity, the smallest259

scale (1 km2) was selected for Shannon diversity of plants and fungi and species richness of260

mammals, plants, and fungi, while the best models for bees and wasps had the largest extent261

tested (20 km2), and the remaining groups were at an intermediate scale (5-15 km2). For β262

diversity, the proportion of deviance explained by the model was highest at the largest spatial263

scale for four groups (plants, fungi, bees and wasps, mammals), at a slightly smaller scale for264

beetle families (15 km2) and a much smaller scale for bats and birds (1 km2).265

For the four taxonomic groups with varying sampling efforts, sampling effort was of greater266

importance for richness and β diversity and less important for Shannon diversity (Fig. 1, 2).267

In models of β diversity, geographic distance did not play a major role for any taxonomic268

group (Fig. 2). Thus, communities closer together were not markedly more or less similar than269

communities farther away.270
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Figure 1: Effects of environmental conditions and sampling effort on Shannon diversity and

species/group richness of all seven taxonomic groups. Environmental conditions are sepa-

rated into groups: local mean (LM), local heterogeneity (LH), local mean or heterogeneity

(LM/LH) and landscape context (LC). The results shown are based on Generalized Additive

models (GAM) of the response variable modeled as a function of all predictors. Significant

effects were assigned to one of five categories based on visual inspection of the fitted relation-

ship (supporting information).
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Figure 2: Importance of environmental variables, sampling effort and geographic distance

for β diversity (Bray-Curtis distance between pairs of study plots) of all seven taxonomic

groups. Environmental conditions are separated into groups: local mean (LM), local hetero-

geneity (LH), local mean or heterogeneity (LM/LH) and landscape context (LC). Variable im-

portance was quantified as the per cent change in deviance between Generalized Dissimilarity

Models (GDM) with the respective variable permuted and unpermuted.

Discussion271

Our results highlight the variation of environmental predictor´s effect between different taxa272

diversity. Neither of the three groups of variables was more important than the other two273

in explaining the variation of biodiversity. However, the effect of local heterogeneity (when274

significant effect was found) was generally positive, suggesting that heterogeneity trade-offs275
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do only play a minor role at the investigated spatial scales. The results of our study contributes276

to the growing evidence that each aspect of diversity is shaped by specific factors.277

Relative importance of mean conditions, heterogeneity and landscape278

context for biodiversity279

Among the environmental variables that were related to the diversity of more than one tax-280

onomic group in this study, measures of mean conditions were not more or less important281

than those of heterogeneity. Although most studies comparing the effects of resource quantity282

(a mean condition) and resource heterogeneity on plant species richness found that quan-283

tity is the most important factor (e.g. Stevens and Carson, 2002; Bartels and Chen, 2010; Dor-284

mann et al., 2020), there is a lack of comparable studies on other groups of organisms. In285

a global meta-analysis, Field et al. (2009) found that variables related to climate or produc-286

tivity explained significantly more of the difference in species richness of several taxa than287

other explanatory variables, including environmental heterogeneity. This difference was sim-288

ilar for plants and animals. However, the relative importance of climate and productivity di-289

minished with decreasing spatial grain or extent of the study. At spatial scales comparable to290

our study, all groups of variables showed similar performance. In addition, Jorba et al. (2025)291

found that macro-climatic means (temperature and moisture) and vegetation-structure hetero-292

geneity contributed almost equally to taxonomic, functional and phylogenetic diversity. Our293

results therefore outline the importance of mean conditions as well as heterogeneity for bio-294

diversity. In fact, they demonstrate that different aspects of biodiversity in different species295

groups are highly diversely impacted by a multitude of factors and reductive approaches are296

unable to capture the complexity of forest ecosystems.297

In this study, most of the significant effects of variables that indicate local heterogeneity on298

species richness or Shannon diversity exhibited a consistent positive trend, aligning with the299

habitat heterogeneity hypothesis (Stein et al., 2014, and references therein). We found barely300

any indication of trade-offs between area and heterogeneity. These differences in our findings301

compared to the most similar studies in the field, Heidrich et al. (2020) and Heidrich et al. (2023)302
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could potentially be attributed to variation in the selection of taxonomic groups and measures303

of heterogeneity. For example, the finer resolution of arthropod taxa and the inclusion of plant304

diversity as a predictor in their studies may explain these disparities. Therefore, results need305

to be re-evaluated depending on the specific taxonomic groups (e.g. higher/lower degree of306

aggregation) as well as the measure of heterogeneity applied and additionally the spatial scales307

investigated.308

Our study raises a significant point: neither mean conditions nor heterogeneity emerge309

as predominant determinants of biodiversity variation at small spatial scales across taxa. If310

corroborated by further research, this represents additional proof for the complex species re-311

quirements at a fine scale.312

Our investigation of landscape context variables revealed an interesting distinction. Al-313

though the share of coniferous forests exhibited strong and significant relationships with the314

α and β diversity of some taxonomic groups, the forest cover appeared less influential. Simi-315

lar results were reprted by Li et al. (2025), where increasing the proportion of broadleaf trees316

doubled understory plant richness and stabilised soil-microbial β-diversity, whereas total for-317

est cover in the buffer failed to predict any diversity metric. There is also evidence that tree-318

species composition and stand structure consistently outperform simple percent forest cover319

in explaining α- and β-diversity across arthropods, birds and fungi (Uhl et al., 2024) Thus, we320

cannot conclude that the landscape context was generally more or less important for biodi-321

versity than local conditions, but rather that the type of available landscape context may play322

a role.323

Theory posits that the scale at which environmental conditions impact species, known as324

the “scale of effect” should depend on species mobility (both local movements and disper-325

sal: Miguet et al., 2016). Empirical tests, however, do not consistently support this prediction326

(Arroyo-Rodrı́guez et al., 2023). Despite the common assertion that larger animals should ex-327

hibit a larger scale of effect due to their longer dispersal distances (Jenkins et al., 2007), our328

findings did not align with this hypothesis. In our study system, the largest spatial scale tested329

(20 km2) to α diversity for bees and wasps, but not mammals. Gengler et al. (2024) described330

how the spatial extent at which landscape variables shape biodiversity is influenced less by331
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body size than by the type of metric of biodiversity, but also by life-stage-specific behaviour.332

This suggests that in our study, the maximum dispersal distance may not be the primary factor333

that determines the differences on the “scale of effect”334

Effects of environmental variables across taxa335

Our statistical models had relatively low proportions of explained variation, many non-significant336

effects and considerable variation between taxonomic group responses. These results show337

similarity to those of Penone et al. (2019), Heidrich et al. (2020) and Uhl et al. (2024), who338

studied the effects of forest attributes and environmental heterogeneity, respectively, on bio-339

diversity of multiple taxa across temperate forests. Similarly, joint species-distribution models340

of 11 taxa showed that forest structure and edaphic conditions exerted highly divergent effects341

among groups (Kepfer-Rojas et al., 2024). One plausible explanation for the weak relationships342

between forest structure and biodiversity is the heterogeneous response of sub-groups and343

even individual species within each taxonomic group. These responses are most likely based344

on factors such as habitat preference, mobility, and dietary requirements. Our results suggest345

that the best predictors of occurrence and abundance may be species-specific, which could346

account for the unexplained variability in our models. For instance, Rappa et al. (2022) identi-347

fied divergent effects of forest structural variables on the abundance of beetle families based348

on their feeding guilds. In the case of bees and wasps, forest structure exhibited significantly349

greater effects on biodiversity for forest specialists compared to non-forest specialists (Rappa350

et al., 2023). Likewise, in similar studies of subsets of the bird species and bat acoustic groups351

included in our analyses, Basile et al. (2021) and Hendel et al. (2023) reported that the impor-352

tance of forest attributes such as mean tree size and deadwood amount varied considerably353

between species or groups.354

Light availability is a key limiting resource for understory plants (Dormann et al., 2020,355

and references therein) and can affect higher trophic levels directly through its influence on356

microclimate (e.g. von Arx et al., 2013) or indirectly via its effects on plant abundance and357

community composition (e.g. Gao et al., 2015; Rappa et al., 2023). In their study of 13 trophic358

groups, Penone et al. (2019) found that of all stand structural variables tested, canopy cover359
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(a measure of light availability) had the strongest and most consistent effects on biodiversity,360

but even so its effect on species richness was only statistically significant for four of the 13361

groups (vascular plants, lichens, arthropod herbivores, arthropod carnivores). By contrast, in362

our analyses canopy gap share (1− canopy cover) only had substantial effects on species rich-363

ness and β diversity of bees and wasps (see also Rappa et al., 2023). The limited influence on364

other groups could potentially be attributed to the relatively narrow range of canopy gap share365

in our study sites (ranging from 0 to 0.42, with a median of 0.12; Table 1), reflecting typical con-366

ditions in Central European mountain forests managed according to close-to-nature forestry367

principles (Bauhus et al., 2013). While the absence of plots with higher light availability may368

have precluded the detection of effects on other taxonomic groups, such effects at extreme369

light conditions may not be relevant in undisturbed central European forests. For vascular370

plants, the relatively coarse spatial scale of our analyses and the absence of statistical inter-371

actions between environmental variables likely prevented us from detecting an effect of light372

availability. In their analysis of the same plant diversity data, Helbach et al. (2022) identified a373

significant relationship between understory plant richness and light heterogeneity at the scale374

of 25 m2 subplots, but only when soil resource heterogeneity was also high.375

Despite the general consensus on the importance of large, old trees for biodiversity con-376

servation in forests (e.g. Bauhus et al., 2009; Brunet et al., 2010; Gustafsson et al., 2020), our377

study revealed that mean canopy height exerted only a modest influence on α or β diversity378

across taxonomic groups, except for a negative hump-shaped effect on α diversity in bats.379

This mirrors the limited impact of mean diameter at breast height (DBH) found by Penone380

et al. (2019). It is conceivable that the age of stands, often associated with larger trees, may381

not be the primary driver of biodiversity increases, contradicting Spake et al. (2015); instead,382

specific structural elements more abundant in older forests may be better predictors than aver-383

age tree size (Bauhus et al., 2009; Penone et al., 2019). In addition, our data set did not include384

some of the taxonomic groups that are typically associated with the presence of large trees385

(e.g. epiphytic bryophytes and lichens) (Ódor et al., 2013) and our sampling did not focused on386

species that depend on the specific conditions and habitats provided by large trees (e.g. Storch387

et al., 2023; Asbeck et al., 2021).388
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While canopy height may influence multiple taxonomic groups, we only found signifi-389

cant effects on bats. In line with previous findings (Jung et al., 2012; Froidevaux et al., 2016;390

Heidrich et al., 2020), bat α diversity increased with the heterogeneity of the canopy height.391

Forests with diverse canopies provide foraging habitats for bats with different adaptations to392

vegetation (Schnitzler and Denzinger, 2011) while also offering shelter and facilitating com-393

muting flights of bats (Schaub and Schnitzler, 2007). Interestingly, the relationship between α394

diversity and the canopy height itself suggests that species richness is highest at low and high395

canopy heights, while the Shannon diversity of bats declined with increasing canopy height.396

Hendel et al. (2023) found that forest height played a minor role in the habitat suitability of397

most bat groups, and positive associations of bat occurrence and activity with canopy height398

have been described (Jung et al., 2012; Froidevaux et al., 2016).399

Apart from the presence of large, old trees and related structural elements, deadwood is400

conventionally regarded as a pivotal factor explaining the high biodiversity in old-growth401

forests compared to intensively managed production forests (Bauhus et al., 2009; Paillet et al.,402

2010; Doerfler et al., 2018). Consequently, retention forestry strives to augment the quantity403

and diversity of deadwood (logs and snags) in timber production forests (Vı́tková et al., 2018;404

Gustafsson et al., 2020). Surprisingly, our analyses showed that both deadwood volume and405

deadwood diversity scarcely influenced the α diversity of any taxonomic group, with the ex-406

ception of a minor effect of deadwood diversity on bat Shannon diversity. Rousseau et al. (2025)407

found similar results, But they reported how deadwood had en effect on community composi-408

tion rather than α diversity. Moreover, it is plausible that deadwood exerts limited influence on409

the overall species count among animal taxa, as only a subset of species within each taxonomic410

group rely on deadwood for sustenance or refuge. For example, beetles, which we identified411

on family level, have some species within each family that are known to depend on deadwood412

to different degrees.413

Our results are also in contrast with previous reports of positive effects of deadwood di-414

versity (Abrego and Salcedo, 2013; Penone et al., 2019; Heidrich et al., 2020; Tomao et al., 2020;415

Yamanaka et al., 2025) and deadwood volume (Lassauce et al., 2011; Gao et al., 2015) on as-416

sociated fungal species richness. A possible reason for this discrepancy could be that in our417
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study, deadwood assessments only included objects with a diameter of more than 7 cm, as it418

is also done in commercial forestry. In contrast, data on fungal fruiting bodies were collected419

without minimum deadwood diameter, resulting in deadwood objects with a median diameter420

of 5.4 cm (Zibold et al., 2024). This study found a hump-shaped effect of deadwood diversity421

on fungal species diversity, but it also pointed out that the strong correlation between dead-422

wood amount and deadwood diversity measures may obscure this. This indicates a mismatch423

between how deadwood is generally evaluated and how it is utilized by fungal species in man-424

aged forests (Juutilainen et al., 2011). Species composition for some groups can be affected425

by deadwood disposition rather than just volume (Zumr et al., 2024). In addition, deadwood426

volumes in mature forest are reported to be higher than on most of our sites (von Oheimb427

et al., 2007), there are also limited diversity of deadwood sizes and decay stages, limiting the428

applicability in these ranges. However, all of these points reflect the reality of commercially429

used forests.430

Among the environmental variables investigated in our study, the proportion of conifers431

at the local or landscape scale emerged as the most influential among taxonomic groups and432

facets of biodiversity. Beetle, bees and wasps, and bird richness and Shannon diversity were433

positively associated with the coniferous forest share in the surrounding landscape, while fun-434

gal species diversity declined with increasing conifer proportion. Our findings do not suggest435

that mixed coniferous and broadleafed tree stands harbor more species than conifer-dominated436

stands, indicating that the conifer proportion can be considered a measure of mean environ-437

mental conditions rather than heterogeneity. These results concur (where applicable) with438

those of Penone et al. (2019), despite their data originating from broadleaf-dominated forests,439

while most of our study plots and the surrounding landscape predominantly featured conif-440

erous species, particularly spruce and fir. On the other hand, the weakly positive effect of441

coniferous share in the surrounding landscape on bird diversity is in contrast to the results of442

a previous publication (Basile et al., 2021) and a large-scale study of tree composition effects443

on bird diversity across Europe (Charbonnier et al., 2016). This may be due to the lower sam-444

pling effort in the first and the much larger range of tree compositions in the second study,445

which underlines the importance of putting our findings in perspective with similar studies446
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on specific taxa.447

The higher α diversity of some taxonomic groups in coniferous forests may be associated448

with the size of the regional species pool. The presence of tree resins as nesting material for449

trap-nesting bees and wasps and large aphid colonies as food resources on conifers may also450

contribute to this effect (Eckerter et al., 2022). In contrast, the adverse effect of conifers on451

alpha diversity of wood-dwelling fungi aligns with earlier observations and may be attributed452

to the higher lignin and lower nutrient content in conifer wood (Yang et al., 2021).453

Management implications454

Our study reports heterogeneous effects of the environment (in terms of mean conditions,455

heterogeneity and landscape context) on biodiversity that can not be generalized across tax-456

onomic groups. However, our results can be used to generalize the effect of a given structure457

over specific taxa, without any focus on dominant species or species of high conservation458

value. We suggest that forest managers acknowledge the specific effects of forest elements on459

specific potential biodiversity targets (e.g. endangered species, forest specialists, native species460

or species with an important role in the ecosystem) at specific spatial scales. Diversifying for-461

est management and considering the specific taxon requirements to provide a wide range of462

habitats would provide a wide range of structural elements capable of promoting suitable con-463

ditions for conservation and/or management goals. Local interventions such as planting spe-464

cific combinations of tree species, thinning, selective harvesting, or deadwood conservation465

have a direct and specific impact in some of the variables we studied and on different aspects466

of biodiversity. As there is no clear main driver of biodiversity, we suggest dividing the forest467

landscape into a mosaic of specific target-oriented areas and applying specific interventions468

for conservation at the local scale.469

We found that environmental variables such as elevation or exposure had a (negative) im-470

pact on some groups. Although management cannot change the abiotic circumstances in a471

meaningful way, it is important to consider the limitations that those variables might impose472

while setting conservation goals. The changes in bee/wasp and mammal β diversity with el-473

evation indicate that even when the environmental conditions are generally associated with474
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lower richness and Shannon diversity, those sites can still be an important habitat for specific475

taxa.476

We highlight the importance of tree species composition and stand structure for each taxon477

over deadwood volume, stand age or tree species richness. The composition of tree species478

(proportion of conifers, tree diversity) and stand structure (Stand structure complexity index479

(SSCI), canopy height, deadwood diversity) can offer practitioners numerous ways of potential480

interventions to cause a positive effect on biodiversity.481

Conclusions482

This study demonstrates that local mean conditions, heterogeneity, and landscape context483

characteristics influence biodiversity in taxon-specific ways. We did not identify a single driver484

or a set of dominant drivers of biodiversity.485

Our findings underscore the absence of a uniform impact of forest management on biodi-486

versity, indicating that most taxa are only weekly affected by particular forest structures or487

show contrasting responses. These results are consistent with recent studies that examined488

multiple species groups, but contradict some studies that focused on individual taxonomic489

groups or species of conservation interest. Therefore, specific variables and scales should be490

considered for the conservation of particular targeted species, while a multifaceted landscape491

approach may be necessary for the overall conservation of biodiversity. This study provides a492

comprehensive and comparable overview of the drivers relevant for the diversity of different493

taxa.494

Based on our findings, we recommend stakeholders establish and apply taxon-specific con-495

servation targets. Each taxon is dependent on certain elements within the forest. Here, the496

diversity of forest structure at landscape level is key to meet the needs of all taxa. The creation497

or conservation of such a landscape can be guided by the relationships between biodiversity,498

forest mean conditions, heterogeneity, and landscape context we identified.499
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