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Abstract 4 

Forestry in Europe changed the tree species composition and reduced dead-wood amount and 5 

heterogeneity, and therefore negatively affected saproxylic diversity. Efficient conservation requires 6 

knowledge about the importance of the relevant diversity drivers across taxa. We examined the 7 

relative importance of space vs. host for saproxylic diversity at a spatial extend of 600 km in 8 

Germany. Further, we disentangled effects of among regions, forest stands, host clades, and tree 9 

species on saproxylic diversity. This allows inferences for spatial- and host tree-related conservation 10 

strategies. Beetle, fungal sporocarp, molecular-derived fungal, and bacterial communities were studied 11 

in a large nested dead-wood experiment comprising 11 tree species. We used multiplicative diversity 12 

partitioning to assess the diversity of rare, typical, and dominant species. The beta-diversity of beetles 13 

and fungal sporocarps was equally explained by space and host, but that of molecular fungi and 14 

bacteria mainly by the host. Across taxa, beta-diversity was higher among forest stands than among 15 

regions. However, for beetles and fungal sporocarps, differences among regions were also important. 16 

Host tree clade and host tree species were important for beetle and host clade for fungal sporocarp 17 

beta-diversity. Host tree species was more important than host clade for the beta-diversity of molecular 18 

fungi and bacteria. The divergent response of different taxa to space and host calls into question the 19 

use of a simple spatially-centered or host-centered strategy. Instead, a high dead-wood tree species 20 

diversity on a broad spatial coverage at the national scale in temperate European forests is necessary to 21 

maintain rare and abundant species. 22 
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1. Introduction 26 

Formerly large forest-dominated areas in Europe have been highly fragmented with alterations in their 27 

tree species and structural composition (Jonsson et al., 2016; Rüther and Walentowski, 2008). These 28 

transformations have led to resource and habitat losses that have negatively affected forest biodiversity 29 

(Paillet et al., 2010). The silvicultural focus on only a few tree species has also reduced the tree species 30 

diversity of dead-wood (Seibold and Thorn, 2018; Jonsson et al., 2016), which, together with reduced 31 

amounts of dead-wood has negatively affected dead-wood-dependent (saproxylic) species (Lassauce et 32 

al., 2011). Saproxylic species groups, especially beetles, fungi, and bacteria, are extremely species-33 

rich, comprising approximately one-third of the total forest biodiversity (Stokland et al., 2012). They 34 

are also of high functional importance in dead-wood decomposition and thus in nutrient cycling 35 

(Boddy and Watkinson, 1995; Johnston et al., 2016; Ulyshen, 2016). In general, variability of 36 

environmental conditions acting at different spatial scales and at different scales of host tree identity 37 

(e.g. angio- vs. gymnosperm, tree genera or tree species) structure saproxylic species communities 38 

(e.g., Müller et al., 2020). However, the relative importance of these scales differs between saproxylic 39 

species groups, thus hampering straightforward recommendations regarding dead-wood retention in 40 

managed forests (Seibold et al., 2015). In this study, we sought to identify the spatial and host scales at 41 

which conservation actions aimed at enhancing the biodiversity of the major saproxylic species groups 42 

will be most effective.  43 

Among regions, saproxylic diversity might be influenced by variability in large scale 44 

environmental conditions like macroclimate (Olou et al. 2019), tree species composition, forest 45 

management (Müller and Gossner, 2010), but also dispersal limitation (Norros et al. 2012). However, 46 

a recent study suggested that environmental factors rather than dispersal limitation better explain the 47 

species turnover of different taxa among regions in Germany (ca. 600 km scale) (Bae et al., 2021). 48 

Within regions, forest stand structures differ, e.g., due to forest management altering the natural 49 

variability in tree species composition and the natural structural heterogeneity (Commarmot et al. 50 

2005) at the stand level, which may further affect species diversity (Paillet et al., 2010). Previous 51 

studies showed that the sensitivity of saproxylic species groups to such alterations differs at different 52 

spatial scales. For example, beetle diversity differed strongly among regions compared to forest stand 53 



3 

 

variability within regions (Gossner et al., 2016; Müller and Gossner, 2010), while for fungal diversity 54 

the opposite was found (Blaser et al., 2013; Purahong et al., 2016). For bacteria in dead-wood, the 55 

spatial patterning across different spatial scales has not been studied.  56 

In addition to the spatial scale, saproxylic species diversity is strongly affected by the identity of 57 

the host tree species (e.g., Gossner et al., 2016). For example, the composition of saproxylic 58 

communities differed significantly between host tree clades (broad-leaved vs. coniferous) (e.g., Müller 59 

et al., 2015; Hoppe et al., 2016; Krah et al., 2018; Purhonen et al. 2021; Shanshan et al., 2021). Yet, 60 

many studies tested host effects based on only a few host tree species, e.g., one broad-leaved- and one 61 

coniferous species (e.g., Krah et al., 2018). However, studies using many host tree species of both 62 

broad-leaved and coniferous clades have shown that host specificity is also strongly pronounced 63 

among host tree species within clades (e.g., Gossner et al. 2016; Moll et al. 2018; Olou et al. 2019; 64 

Purahong et al. 2018; Odriozola et al. 2021). The relationship between saproxylic diversity concerning 65 

different taxonomic groups and a broad set of tree species has not been tested within a unified 66 

framework. 67 

The above findings suggest that conservation actions need to operate at different spatial and host 68 

scales. However, a joint evaluation of the relative importance of different spatial and host scales across 69 

saproxylic species groups is lacking (Seibold et al., 2015). Disentangling the spatial vs. the host scale 70 

allows answering whether a spatially-centered or a host-centered strategy should be applied to 71 

maintain diversity (Fig. 1b). If the spatial scale matters more, conservation actions across space are 72 

more effective than a pure focus on host characteristics to maintain diversity. If the host scale matters 73 

more, conservation efforts should focus mainly on preserving and promoting certain host structures to 74 

maintain diversity. Further, disentangling the spatial scale (among regions vs. among forest stands) 75 

allows specifying whether a regional or stand-based strategy is more appropriate and similarly, 76 

disentangling the host scale allows specifying whether a strategy focusing on host tree clade or host 77 

tree species is more promising to maintain diversity (Fig. 1b). 78 

To improve conservation strategies for saproxylic taxa, we used a fully nested dead-wood 79 

experiment in three different regions along a 600 km gradient across Germany (Fig. 1a). Each region 80 

was hierarchically composed of three different levels of forest management intensity, each represented 81 
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with three plots in three forest stands. Each forest stand contained 11 dead-wood tree species from two 82 

tree clades (broad-leaved vs. coniferous). Beetles and fungal sporocarps on each dead-wood object 83 

were sampled in field inventories, with fungi and bacteria then assessed via DNA-metabarcoding. 84 

Multiplicative diversity partitioning was used to simultaneously evaluate the relative importance of 85 

space and host at different scales for saproxylic beta-diversity. At the spatial scale, beta-diversity was 86 

compared among regions and among forest stands and at the host-scale among host tree clades and 87 

host tree species. The study was designed to address three questions linked to particular conservation 88 

strategies (Fig. 1): 89 

(1) Space vs. host strategy: Does space or host beta-diversity contribute more to gamma-90 

diversity? 91 

(2) Regional vs. stand strategy: Does beta-diversity among regions or among forest stands 92 

contribute more to gamma-diversity? 93 

(3) Host tree clade vs. host tree species strategy: Does beta-diversity among host tree clades or 94 

among host tree species contribute more to gamma-diversity? 95 

 96 

2. Methods and Materials 97 

2.1 Study area and design 98 

Sampling was carried out within the framework of the Biodiversity Exploratories, a large-scale 99 

biodiversity project in Germany (Fischer et al., 2010). The three regions included in the project are 100 

aligned along a climatic gradient from southwest to northeast (Fig. 1a) and consist of: (1) the 101 

UNESCO Swabian Alb Biosphere Reserve (48°20′28″–48°32′02″N/9°10′49″–09°35′54″E, ~420 km² 102 

in size); the uplands of the Swabian Alb are made up of calcareous bedrock, with an altitude of 460–103 

860 m a.s.l. and a mean annual temperature (MAT) and annual precipitation (MAP) of 6–7°C and 104 

700–1 000 mm, respectively; (2) the Hainich-Dün region in Central Germany, including Hainich 105 

National Park, (50°56′14″-51°22′43″N/10°10′24″–10°46′45″E, ~1 560 km²), which extends over a 106 

range of hills of calcareous bedrock covered by loess and lies 285–550 m a.s.l. The MAT and MAP 107 

are 6.5–8°C and 500–800 mm; (3) the Schorfheide-Chorin UNESCO Biosphere Reserve, a young 108 

glacial moraine lowland located in north-east Germany (52°47′25″–53°13′26″N/13°23′27″–109 
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14°08′53″E, ~1 300 km²), with an altitude of 3–140 m a.s.l., a MAT of 8–8.5°C, and a MAP of 500–110 

600 mm. European beech (Fagus sylvatica) would naturally dominate the forests in all three regions. 111 

Today, only the Hainich-Dün is still dominated by beech, with only 12% conifer cover, whereas in the 112 

Swabian Alb beech forests make up 46% and Norway spruce (Picea abies) 24%, and the forests in 113 

Schorfheide are dominated by Scots pine (Pinus sylvestris) (39%), with beech accounting for only 114 

12% of the forest cover. For our study, which is part of the BELongDead experiment (Fischer et al. 115 

2010), nine forest stands along a forest management intensity gradient were selected in each of the 116 

three regions: three planted conifer stands, three even-aged managed beech stands, and three 117 

unmanaged (for at least 20 years) beech stands. At each forest stand in the three regions, 11 logs [4.0 ± 118 

0.25 m length and 31 ± 5.9 cm (SD) mean diameter] were used, resulting in a total of 297 sampled 119 

logs. The logs had been placed at the stands in 2009. They consisted of four conifers (Larix decidua, 120 

Picea abies, Pinus sylvestris, and Pseudotsuga menziesii) and seven deciduous (Betula pendula, 121 

Carpinus betulus, F. sylvatica, Fraxinus excelsior, Populus spp., Quercus spp., and Tilia spp.) tree 122 

species. All species, including non-native P. menziesii, are common tree species in Central Europe.  123 

 124 

2.2. Sampling 125 

2.2.1. Beetles 126 

Saproxylic beetles were sampled annually from 2010 to 2017 using closed eclector traps (Gossner et 127 

al., 2016), mounted in March, emptied monthly until the end of October, and kept open during winter. 128 

Each year and for each log, the eclectors were moved 40 cm along the log's axis to allow for insect 129 

colonization. The samples were collected in jars were filled with 50% ethylene glycol, and the insects 130 

were subsequently stored in 70% ethanol. Individuals were counted and identified to the species level. 131 

For the complete species list, see Appendix A Table A.1. Due to incomplete sampling, the data from 132 

2010 and 2012 had to be excluded, and only logs with complete observations in May, June, and July 133 

of a year were included. Thus, 1 672 of the 1 782 samples (297 logs × 6 sampling years) were 134 

analyzed. 135 

 136 

2.2.2. Fungal sporocarps 137 



6 

 

For the sporocarp inventory, all sporocarp data were gathered in autumn (September to October), 138 

during the peak fruiting season (see also Halme and Kotiaho, 2012), in 2012, 2015, and 2018. 139 

Abundance was estimated on a five-level scale, reflecting the percent coverage of a stem by 140 

sporocarps (0 = no sporocarps; 1 = <1% covered; 2 = 1–10% covered; 3 = 10–50% covered; 4 = > 141 

50% covered).The fungal species selected for the study were macrofungi, easily visible to the naked 142 

eye and unambiguously identified by an experienced field worker. Fungi were determined directly in 143 

the field or with a microscope in the lab. The sample sporocarps were mainly Basidiomycetes from the 144 

subdivision Agaricomycotina (e.g., Polyporales, Corticiales, Agaricales) and Ascomycota from the 145 

subdivision Pezizomycotina (e.g., Xylariales, Helotiales, Pezizales). For the complete species list, see 146 

Appendix A Table A.2. From the 891 samples (297 logs × 3 sampling years), 866 were further 147 

analyzed.  148 

 149 

2.2.3. Fungi and bacteria for DNA-metabarcoding 150 

Wood samples were collected using a cordless drill (Makita BDF 451) in September 2012, May 2015, 151 

and May 2017. At the sampling location, the bark was removed, minimizing the possibility of 152 

including microorganisms occurring on the bark, and an auger was driven horizontally into the center 153 

of each log (see Purahong et al., 2018 for details). Each wood sample was homogenized into fine 154 

powder using liquid nitrogen and a swing mill (Retsch, Haan, Germany). 155 

Sample DNA was isolated from ~0.1 g of each homogenized wood sample using the ZR soil 156 

microbe DNA MiniPrep kit (Zymo Research, Irvine, CA, USA) according to the manufacturer's 157 

protocol. The V4 region of the bacterial 16S rRNA gene was amplified in triplicate using the primers 158 

515F/806r, as previously described (Moll et al., 2018), and the fungal ITS2 region using the primers 159 

fITS7/ITS4, also as previously described (Leonhardt et al. 2019). These amplicons were 2 × 300-bp 160 

paired-end sequenced (MiSeq Reagent kit v3) on an Illumina MiSeq system (Illumina Inc., San Diego, 161 

CA, USA).  162 

Amplicon sequencing data were processed using DADA2 (Callahan et al., 2016) implemented in 163 

Dadasnake (Weißbecker et al., 2020). Raw reads were searched for both primer sites, and primer 164 

sequences were cut using cutadapt v1.18. The 16S forward and reverse reads were cut to a length of 165 
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170 and 130 nt and a minimum base quality of 9. Reads with a maximum expected error rate > 0.5 166 

were discarded, and the quality-checked reads were merged with an overlap of 12 bp and 0 167 

mismatches. For fungi, only forward and reverse reads with expected error rates < 4 and a minimum 168 

base quality of 9 were retained. The remaining reads were merged with an overlap of 20 bp and one 169 

mismatch allowed. For both groups, chimeras were removed using the consensus algorithm. 170 

Subsequently, the bacterial and fungal ASVs (amplicon sequence variants) were taxonomically 171 

assigned using the Bayesian Classifier implemented in mothur (Schloss et al., 2009) against the 172 

SILVA (SSU Ref, version 138; Quast et al., 2013) and UNITE (version 8.0; UNITE Community, 173 

2019) databases, respectively.  174 

For bacteria, only ASVs of 240-265 bp, assigned to the kingdoms Bacteria and Archaea and thus 175 

not identified as chloroplasts or mitochondria, were included in the analysis. Since Archaea accounted 176 

for only 0.25% of the ASV data and the results for the kingdoms did not differ (data not shown), an 177 

aggregated analysis was performed, and, for simplicity, the two kingdoms are referred to herein as 178 

bacteria. Fungal ASVs were further analyzed using the software ITSX (Bengtsson-Palme et al., 2013). 179 

ASVs not identified as fungal ITS2 were again taxonomically assigned using blastn against the NCBI 180 

'nr' database. Only ASVs with a consistent fungal classification for both taxonomic databases and a 181 

length of 200-450 bp were finally recorded in the ASV table. Raw sequences have been deposited to 182 

the NCBI short read archive (SRA) and are accessible under BioProject accession number 183 

PRJNA756463. Since two samples were missing from the dataset, 889 of the potential 891 samples 184 

(297 logs × 3 sampling years) were analyzed. In the following, the term "species" is used for fungal 185 

and bacterial ASVs, although we are aware that ASVs are only putative species.  186 

 187 

2.3. Data analysis 188 

2.3.1. Data preparation 189 

The data were prepared and analyzed in R 4.0.2 (R Core Team, 2020). The sampled data for each log 190 

were pooled across all sampling years (for the sensitivity analysis, see 2.3.2.), resulting in a 191 

community matrix for each species group. For beetles, individual counts (sum of all individuals across 192 

all years) were used, and for fungal sporocarps, the mean coverage over all years was calculated. 193 
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Singletons (cells with a read entry of 1) were excluded from the fungal molecular and bacterial 194 

matrices. These are typically PCR and sequencing errors that can lead to an overestimation of rare 195 

ASVs, thus inflating diversity estimates (Brown et al., 2015; Kunin et al., 2010). The matrices were 196 

rarefied to the lowest number of sequences in all samples, resulting in 6,926 sequence reads per 197 

sample for fungal ITS and 1,879 sequence reads per sample for bacterial 16S (function rrarefy, R 198 

package vegan, Oksanen et al., 2019). This threshold excluded the same samples in the two datasets 199 

whose reads were considerably lower than the others. Rarefaction was conducted to account for 200 

differences in sampling effort (McKnight et al., 2019).  201 

 202 

2.3.2. Statistical analysis 203 

Adequate sampling coverage for the three species groups was confirmed by calculating sample-based 204 

rarefaction/interpolation curves using the R package iNEXT (Hsieh et al., 2016). These analyses 205 

demonstrated high sample completeness (89.3–99.6%; Appendix B Fig. B.1). The three study 206 

questions were addressed using multiplicative diversity partitioning (Whittaker, 1960), as suggested 207 

by Chao et al. (2012). This method reflects the variability of the diversity at a given scale 208 

appropriately, and allows reliable comparison of beta-diversity across studies (e.g. Wilsey, 2010; 209 

Gossner et al., 2013; Müller et al., 2013). 210 

In this analytical framework, the overall gamma-diversity of the three species groups across all 211 

regions was partitioned into beta-diversity levels at the spatial and host scales. A high beta-diversity at 212 

a given scale indicated a large contribution to gamma-diversity and thus its potential importance to 213 

maintaining diversity within a conservation context (Jost et al., 2010). Multiplicative diversity 214 

partitioning was performed using the function multipart in the vegan package (Oksanen et al., 2019). 215 

Considering different facets of diversity, e.g., focusing on rare, typical, and dominant species, has 216 

been recommended (Gaston et al., 2008). Therefore, we calculated the number-equivalents of three 217 

diversity indices, i.e., the Hill numbers (Hill, 1973) of species richness, Shannon entropy (exponential 218 

of Shannon entropy), and Simpson diversity (inverse Simpson concentration). Within the multipart 219 

function, number-equivalents weight species according to their abundance based on an exponent q. 220 

Species richness (q = 0) weights all species equally and thus emphasizes rare species (hereafter "rare 221 
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species"), Shannon entropy (q = 1) reflects the species' sampled abundance, without favoring rare or 222 

dominant species (hereafter "typical species", after Gotelli and Chao (2013)), while Simpson diversity 223 

(q = 2) assigns most weight to dominant species (hereafter "dominant species") (Jost, 2007). Each 224 

observed beta-diversity value calculated was compared to a null model with 1,000 randomizations, 225 

based on complete randomizations at all levels but keeping species frequencies and species richness 226 

constant (function r2dtable). Null modeling indicated whether the observed beta-diversity at a given 227 

scale was larger or smaller than expected or not different from random.  228 

The overall gamma-diversity of each species group was partitioned simultaneously into spatial and 229 

host scales, resulting in four levels (Fig. 1): spatial scale was partitioned into β1, representing the beta-230 

diversity among regions, and β2, the beta-diversity among forests stands; host scale was partitioned 231 

into β3, among host tree clades and β4, among host tree species. This output addresses the first study 232 

question (space vs. host), with β1 and β2 summed into the overall space component and β3 and β4 into 233 

the overall host component, scaled to 100%.  234 

The imbalance resulting from the inclusion of seven broad-leaved vs. four conifer host tree species 235 

was taken into account by analyzing subsets of the data containing only four broad-leaved species each 236 

time together with all four conifer host trees. Accordingly, 35 matrices covering all possible 237 

combinations of four broad-leaved and the four conifer tree species were created. For each matrix, the 238 

beta-diversity and respective null models were calculated for each group and diversity index as 239 

described above. Mean beta-diversity and variance for each beta-diversity scale were then calculated 240 

and the results of each of the 35 null models recorded. This was followed by a calculation for each 241 

beta-diversity scale of the percentage of observed values larger or smaller than or not different from 242 

random (Appendix B Table B.1). It should be noted that: (i) we are aware that reads do not necessarily 243 

represent the actual abundance of ASVs (Lamb et al., 2019). However, using sample-based relative 244 

abundance in our analysis did not change the inferences (data not shown). Furthermore, incidence data 245 

were accounted for in the analysis of species richness (q = 0, see 2.3.2.). Possible sequence errors 246 

(Modin et al., 2020) were accounted for by excluding singletons, through the rarefaction of the data, 247 

and by comparison with null models. (ii) Separate analyses of the data for 2012 (2011 for beetles), 248 

2015, and 2017 (2018 for fungal sporocarps) did not reveal differences in the main results compared to 249 
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pooling the data across years, thereby representing the early to middle stage of succession (Appendix 250 

B Table B.2). This also demonstrated the absence of a confounding effect based on slight differences 251 

in sampling time among taxa (see 2.2.1., 2.2.2., 2.2.3.); for the complete community matrices, see 252 

Appendix C Tables C.1 – C.6.  253 

 254 

3. Results 255 

Sampling using eclector traps resulted in a total of 438 beetle species (Appendix B Table B.3, 256 

Appendix C Table C.1), and sporocarp sampling 368 fungal species (Appendix B Table B.3, Appendix 257 

C Table C.2). From the rarefied ASV tables, 5 690 putative fungal (Appendix B Table B.3, Appendix 258 

C Table C.3) and 39 977 putative bacterial species (Appendix B Table B.3, Appendix C Table C.4 - 259 

C.6) were further identified (after singletons excluded). Note that in the following the results are 260 

reported as the observed contribution of beta-diversity to gamma-diversity, scaled to 100%. All 261 

observed beta-diversity values were larger than expected for the clear majority of the runs (in most 262 

cases 100%, in the worst-case >70%) at each scale, based on the 35 matrices (all possible 263 

combinations of the four broad-leaved tree species with the four conifer tree species, see 2.3.2.; 264 

Appendix B Table B.1). Only for fungal sporocarps, the scale among host tree species (β4) was 265 

significantly smaller than expected.  266 

 267 

3.1. Importance of space vs. host 268 

For beetles, beta-diversity among space and host contributed equally (~50%) to gamma-diversity 269 

across all diversity indices (Appendix B Table B.4). For rare species of fungal sporocarps, the beta-270 

diversity among space (53.0%) was slightly more important than among host. For typical and 271 

dominant fungal sporocarp species, the beta-diversity among hosts was slightly more important than 272 

beta-diversity among space (54.8% and 57.8% respectively, Appendix B Table B.4). For molecular 273 

fungi, the beta-diversity among hosts explained 86.7% of the gamma-diversity of rare species and 274 

contributed substantially to that of typical (84.0%) and dominant (80.7%) species (Appendix B Table 275 

B.4). For bacteria, the beta-diversity among hosts explained 84.2%, 74.6%, and 68.3% of the gamma-276 

diversity in rare, typical, and dominant species, respectively (Appendix B Table B.4). 277 
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 278 

3.2. Importance of among regions vs. among forest stands  279 

Beta-diversity among forest stands contributed more to gamma-diversity than beta-diversity among 280 

regions for all studied species groups (Fig. 2). Beta-diversity among forest stands increased from rare 281 

to typical to dominant species in all species groups, except fungal sporocarps, which showed the 282 

opposite pattern (Appendix A Table A.1). In typical and dominant beetle species, beta-diversity 283 

among regions contributed 25.9% and 26.2% to total gamma diversity. For fungal sporocarps, the 284 

contribution of beta-diversity among forest stands to gamma-diversity was 34.8%, 27.7%, and 23.8% 285 

for rare, typical, and dominant species, while for molecular fungi, it was 11.0%, 11.9%, and 13.1%, 286 

and for bacteria 12.6%, 16.2%, and 18.2%, respectively.  287 

 288 

3.3. Importance of host tree clade vs. host tree species  289 

Beta-diversity among host tree species explained large parts of the gamma-diversity of most species 290 

groups and diversity indices (Fig. 2). The relative importance of the host tree clade was more 291 

pronounced for beetles and fungal sporocarps than for molecular fungi and bacteria. Additionally, 292 

beta-diversity among host tree species of fungal sporocarps was smaller than expected. The 293 

importance of the host tree clade increased from rare to typical to dominant species diversity for all 294 

groups (Table A.1). For beetles, beta-diversity among host tree species explained 30.9% (rare), 28.3% 295 

(typical), and 25.7% (dominant), whereas, for fungal sporocarps, it explained 26.7% for rare, 30.5% 296 

for typical and 32.02% for dominant species. For molecular fungi, beta-diversity among tree species 297 

explained 66.5% (rare), 62.4% (typical), and 58.0% (dominant) of the gamma-diversity, and for 298 

bacteria, 62.8%, 51.3%, and 44.0%, respectively. 299 

 300 

4. Discussion  301 

4.1. Importance of space vs. host for saproxylic diversity 302 

Our focus on the relative importance of space and host as drivers of saproxylic beta-diversity was 303 

aimed at determining whether a spatially-centered or a host-centered strategy can be recommended to 304 

maintain overall saproxylic diversity. Our results showed that the response of beta-diversity to space 305 
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and host variability is dichotomous. While both space and host variability were important for the beta-306 

diversity of beetles and fungal sporocarps, host variability better explained the beta-diversity of 307 

molecular fungi and bacteria. We were surprised by the contradicting results between fungal 308 

sporocarps and molecular fungi. We assumed both methods reflect the same ecological inferences 309 

(Saine et al., 2020, see discussion section 4.3). This suggests that neither a purely spatially centered 310 

nor a host-centered strategy is sufficient to maintain overall saproxylic diversity; instead, a combined 311 

approach is needed.  312 

 313 

4.2. Importance of among regions vs. among forest stands for saproxylic diversity 314 

The among forest stand scale contributed more than the among regions scale to the gamma-diversity 315 

of the studied taxa. Assuming no dispersal limitation for any of the taxa among forest stands within 316 

regions (Müller et al., 2020), this finding can be explained by the structural variability among forest 317 

stands resulting from forest management. The forest management gradient in our study area is 318 

characterized by a tree species composition gradient ranging from spruce and pine plantation to forest 319 

stands characterized by natural broad-leaved tree species, particularly European beech (Fischer et al., 320 

2010). Forest stand structural variables potentially affecting the beta-diversity of saproxylic groups 321 

include the microclimate caused by differences in tree species composition. A relatively dense canopy 322 

characterizes beech forest stands, in contrast to the more open canopies of spruce and especially pine 323 

forest stands (Boch et al., 2013). Previous studies from other regions on landscape scale demonstrated 324 

an effect of forest stand microclimate on the community composition of wood-inhabiting fungal 325 

sporocarps and beetles, with stronger effects on the latter (Abrego and Salcedo, 2014; Krah et al., 326 

2018; Müller et al., 2020). The variability in beta-diversity among forest stands observed in our study 327 

might also be attributed to the variability in the amount of surrounding dead-wood since, in our case, a 328 

larger amount of dead-wood is present in less intensively managed stands (Schall et al., 2018). 329 

However, the effects of surrounding dead-wood on saproxylic diversity are inconsistent. For example, 330 

Krah et al. (2018) found no influence of either the amount or the heterogeneity of immediate 331 

surrounding dead-wood (0.1 ha) on the diversity of fungal sporocarps per dead-wood object. In 332 

contrast, Edman et al. (2004) found that fungal sporocarp species richness was higher if the dead-333 
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wood amount in the 9 000 m² plot was higher. This was also supported by Abrego and Salcedo (2014), 334 

who studied the influence of forest management on fungal sporocarp diversity at the plot scale of 100 335 

m². For saproxylic beetles, an increased dead-wood amount in a 40m radius around the plot had a 336 

positive effect on the species richness (Seibold et al., 2017). Although further studies are needed, our 337 

results clearly underline the importance of among-stand environmental variability for saproxylic 338 

diversity.  339 

While the among forest stand scale seems to be more important than the among regions scale 340 

across taxa, the variability of environmental conditions among regions explained a considerable 341 

amount of the beta-diversity of beetles and fungal sporocarps. Additional evidence is needed, but 342 

dispersal limitation is unlikely to be the reason for this finding. In fact, in a previous study, the beta-343 

diversity of beetles at a scale similar to that used in our study was better explained by environmental 344 

conditions than by spatial structure, with the latter serving as a surrogate for dispersal limitation (Bae 345 

et al., 2021). Müller and Gossner (2010) also concluded that dispersal limitation is not the primary 346 

reason for beetle diversity at scales around 240 km. In their analysis, the scale between forest sites, 347 

likewise separated by non-forest land, was of minor importance. These arguments for beetles should 348 

also apply to fungi since, at the regional scale, they are less dispersal-limited than beetles (Komonen 349 

and Müller, 2018; Bae et al., 2021).  350 

The spatial pattern determined for bacterial beta-diversity was between that of fungal sporocarps 351 

and that of molecular fungi. To the best of our knowledge, bacterial beta-diversity across these spatial 352 

scales has not been analyzed previously in this context. Our study demonstrated that the beta-diversity 353 

caused by spatial variation contributed more to the gamma-diversity of bacteria than to that of 354 

molecular fungi (Fig. 2c). If bacteria are also assumed to have no dispersal limitation at the examined 355 

spatial scale, spatial environmental variability would also be the most plausible explanation of their 356 

high beta-diversity (Van der Gucht et al., 2007; Barberán et al., 2014). This would also point to 357 

bacterial communities' stronger sensitivity than fungal molecular communities to environmental 358 

variability across space. 359 

The importance of the among regions scale for beetles, fungal sporocarp, and bacteria (dominant 360 

species) can be explained by: (i) macroclimatic differences, given that the variability in the MAT and 361 
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MAP greatly differs among regions (from the south, where the MAP and MAT are 700–1 000 mm and 362 

6–7°C, to the north where the MAP and MAT are 500–600 mm and 8–8.5°C; see 2.1.). And (ii) the 363 

fact that all of the studied regions have been modified by forest management aimed at more productive 364 

coniferous tree species and the removal of old trees and dead-wood (McGrath et al., 2015; Lassauce et 365 

al., 2011). Within the study area, warm and dry regions have been enriched by pine and colder and 366 

more humid landscapes by spruce (see 2.1.). Hence, differences in tree species may also in part 367 

explain the importance of the among regions scale for the beta-diversity of beetles, fungal sporocarp, 368 

and dominant bacteria. Given that beta-diversity is considerable among regions and that macroclimate 369 

might play a pivotal role, the maintenance of the diversity of these groups will require the country-370 

level coordination of conservation strategies. Furthermore, the particular importance of the among 371 

regions scale for the dominant species across the studied taxa highlights the need for conservation 372 

efforts across all regions since the numerically-dominant species are critical for maintaining ecosystem 373 

processes, such as wood decomposition (Winfree et al., 2015). This can be achieved by setting up 374 

protected areas and/or by implementing dead-wood enrichment strategies across regions. 375 

 376 

4.3. Importance of host tree clade vs. host tree species for saproxylic diversity 377 

By comparing the beta-diversity among two host tree clades and among host tree species within tree 378 

clades, we contribute to unifying existing knowledge and raise further questions about saproxylic 379 

diversity-host relationships: (i) Previous studies showed that the relationship between saproxylic 380 

communities and host identity is more closely correlated for fungi and bacteria than for beetles 381 

(Wende et al., 2017; Thorn et al., 2018; Müller et al., 2020; Moll et al., 2021; Odriozola et al. 2021). 382 

However, our study only partly confirmed those findings. It showed the stronger host specificity of 383 

fungi than of beetles only in the case of molecular fungal communities, not fungal sporocarp 384 

communities. Possible reasons for this discrepancy include the greater environmental exposure of 385 

sporocarps than the fungal assemblage occurring within the substrate. Likewise, beetles spend the 386 

mature part of their life cycle outside the substrate (Ulyshen, 2018), where environmental effects are 387 

likely to be more pronounced. We also cannot exclude that the difference in response to host identity 388 

between the two fungal measures simply reflected differences in the number of species, as the host 389 
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relationship of fungal molecular communities, with their high number of species, is probably stronger. 390 

(ii) The simultaneous consideration of both fungal measures yielded additional insights, including that 391 

certain environmental conditions are crucial for the production of fruit bodies (Sakamoto, 2018) but 392 

not necessarily for (vegetative) mycelium, as indicated by the response of the fungal molecular 393 

community. If dispersal is not a limitation, as discussed above, fungal diversity can be maintained by 394 

applying a host-centered strategy at the scale of our study. Under this dispersal capability scenario, 395 

fungal species would produce fruit bodies wherever possible (suitable environmental conditions) and 396 

colonize dead-wood objects throughout the country. However, if dispersal is a limiting factor, then 397 

inferences drawn only from the molecular diversity response might be erroneous if sexual 398 

reproduction is crucial for maintaining fungal populations. An alternative explanation could be that 399 

different environmental (e.g., macro- and microclimate) conditions at the scale of our study cause 400 

differences in decomposition processes (A'Bear et al., 2014). Ovaskainen et al. (2013) showed that 401 

some rare species produce fruit bodies very late during succession while being prevalent as mycelia 402 

during earlier successional stages. Therefore, differences in successional stages of the dead-wood 403 

objects between the regions could cause differences in communities sampled via fruit bodies. 404 

Consequently, this could also explain a higher beta diversity based on fruit bodies compared to the 405 

beta diversity based on the molecular derived fungal community. The fact that particularly beta-406 

diversity based on rare fruiting fungi shows a strong response to the spatial variation supports this 407 

view. However, we used data that integrate across 10 years of succession (late-mid-stage of decay), 408 

which increases the probability of detecting rare species that fruit later during succession. 409 

Nevertheless, further studies are needed to examine which fungal species present in dead-wood 410 

produce sporocarps under different environmental and successional conditions and the relevancy of 411 

sexual reproduction in population maintenance. (iii) Earlier studies reported a high host specificity of 412 

bacterial assemblages (Hoppe et al., 2015; Moll et al., 2021; Odriozola et al., 2021), but they also 413 

showed that host specialization was more pronounced for fungi than for bacteria based on 414 

metabarcoding data (Moll et al., 2021). This has been partly explained because the fungal community 415 

composition strongly influences the bacteria community (Odriozola et al., 2021). Our results support 416 

the former results, although the difference between bacterial and molecular fungal beta-diversity was 417 
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not strongly pronounced. (iv) The differences observed in previous studies of host specificity were 418 

attributed to the angiosperm (broad-leaved) and gymnosperm (coniferous) split due to considerable 419 

differences in the chemical and physical properties of the wood from the respective trees (Hoppe et al., 420 

2015; Kahl et al., 2017; Wende et al., 2017; Moll et al., 2018; Krah et al., 2018). It has been suggested 421 

that fungi and bacteria involved in the enzymatic decay of wood are more host-specific than beetles 422 

(Boddy and Watkinson, 1995; Baldrian, 2017; Thorn et al., 2018; Müller et al., 2020). Thus, one might 423 

expect that for fungi and bacteria, but not for beetles, the beta-diversity among host tree clades would 424 

be higher than the beta-diversity among host tree species. However, in our study, beta-diversity among 425 

host tree clades was only important for fungal sporocarps, not molecular fungi. Moreover, a higher 426 

beta-diversity among host tree clades than among host tree species was also found for beetles. The 427 

higher beta-diversity of host tree species than of host tree clade for molecular fungi and bacteria 428 

indicates further strong host specificity also within angio- and gymnosperm hosts. The discrepancy in 429 

the response between the two fungal measures (sporocarp vs. metabarcoding) and the similarity of the 430 

fungal sporocarp response to that of beetle communities deserve further attention.  431 

 432 

4.4. Response of rare, typical, and dominant species 433 

Threatened and rare species are of particular conservation concern. Therefore, analyses across Hill 434 

numbers in our study contribute to our knowledge to maintain rare species. Even though not a focus of 435 

our study, a first rough assessment revealed that rare beetle and fungi species within our dataset 436 

include species which assigned a threat category based on red-lists or are defined as old-growth 437 

indicators (Appendix A, Table A.1 - A.3). Our results of rare species might therefore be cautionary 438 

interpreted in the context of threatened species. However, red-lists do not exist for the majority of 439 

bacteria groups, and red-lists for fungi are based only on fruit body inventories and hence might be 440 

biased. However, besides rare and threatened species, a focus on typical and dominant species in 441 

conservation biology has been recommended (e.g., Gaston et al., 2008). One reason for this is that 442 

typical and dominant species are linked to important ecosystem processes and the resilience of forest 443 

ecosystems (e.g., Winfree et al., 2015). Interestingly, we found only minor differences of the beta-444 

diversity response to space and host based on Hill numbers. This indicates that conservation 445 
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recommendations can be generalized across rare, typical and dominant species. However, some 446 

differences occurred, which allow further interpretation: (i) The importance of the host increased from 447 

dominant to typical to rare species. This indicates that rare species are more driven by host-related 448 

processes than environmental variability (Nordén et al. 2013; Abrego et al., 2017). One exception are 449 

the fungal fruiting species, which showed the opposite pattern. Although speculative, this supports the 450 

view that fungal fruiting communities might be particularly sensitive to environmental variability, as 451 

discussed above. Finally, it is important to note that differences in the effects between host tree clade 452 

vs. host tree species seem not very pronounced among rare, typical and dominant species (see 453 

discussion above). (ii) The importance of among regions on beta-diversity increased from rare to 454 

typical to dominant species. Particularly for bacteria and to some extent for molecular fungi, the 455 

among regions scale became important for dominant species. This underpins the importance of large 456 

scale environmental variability, explaining the beta-diversity of dominant species supporting earlier 457 

findings (Jiao et al., 2017). An alternative explanation could be that dominant species are dispersal 458 

limited. However, this would contradict current knowledge about rare species which has been shown 459 

to be stronger dispersal limited than dominant ones (e.g., Norros et al., 2012; Baur 2014).  460 

 461 

5. Management implications 462 

Our results showed that the response of beta-diversity to space and host differs between saproxylic 463 

taxa in temperate European forests. Accordingly, neither a spatially-centered nor a host-centered 464 

strategy would be sufficient to maintain the diversity of saproxylic beetles, fungi, and bacteria, the 465 

main actors of wood decay. Our results demonstrate the possible errors of conservation 466 

recommendations derived from single-taxon studies, with potentially negative effects on other species 467 

groups if they respond very differently than the focus-group. The goal of conservation strategies in a 468 

country includes the protection of overall saproxylic diversity, including rare, typical, and dominant 469 

species. To achieve this goal, we recommend a strategy based on a diverse tree species composition 470 

made up of species from different tree clades and implemented in forests under different management 471 

types across ecoregions.  472 

 473 
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Molecular data is available at: 475 
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712 
Fig. 1. Sampling design, methods, and conservation strategies. a) Sampling design: Over 7 years, the diversity of saproxylic 713 
beetles, fungal sporocarps, microbial fungi, and bacteria was studied at different scales: in three regions of Germany (regional 714 
scale) and in 27 forest stands, with 11 logs of two tree clades of 11 tree species (host tree scale, 297 logs in total). b) The 715 
beta-diversity of each scale was assessed using multiplicative diversity partitioning and compared via its relative importance 716 
for the total gamma diversity. Scales encompassing a high diversity are of particular interest for conservation, and 717 
conservation strategies can be adapted to them. Map source: freepik.com 718 
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 720 

Fig. 2. Stacked bar plots of multiplicative diversity partitioning comparing the relative importance of the beta diversity on 721 
different scales for the total diversity of saproxylic beetles (a), fungal sporocarps (b), microbial fungi (c), and bacteria (d). 722 
Presented are the number-equivalents of species richness (rare species, q = 0), Shannon entropy (typical species, q = 1), and 723 
Simpson diversity (dominant species, q = 2).Note that all observed beta-diversity values are significantly larger (+) or smaller 724 
(-)expected based on null modeling (see Appendix B Table B.1).  725 


