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ABSTRACT

Aim Fungi are drivers of wood decay in forested ecosystem, while bryophytes

use dead wood as a platform for their autotrophic lifestyle. We tested the

hypothesis that fungal communities on beech logs are mainly structured by

substrate quality, while bryophyte communities are structured by climatic gra-

dients. In addition, we tested whether community structure in both organism

groups is altered along a gradient from nearly pristine forest to forests heavily

affected by management and human disturbance in the past.

Location Europe.

Methods We surveyed 1207 fallen beech logs in 26 of the best-preserved for-

est stands across six European countries, representing a gradient in overall nat-

uralness of the forest landscape. Recorded species were classified into ecological

guilds. Indirect ordination and variation partitioning was used to analyse the

relationship between species composition and environmental variables,

recorded at log or site level.

Results In total, 10,367 bryophyte and 15,575 fungal records were made, rep-

resenting 157 and 272 species, respectively. Fungal communities were more

clearly structured by substrate quality than were bryophyte communities. In

both groups a distinct turnover in species composition was evident along a

longitudinal gradient from Central to Western Europe. Fungi specialized in

trunk rot and specialized epixylic bryophytes were scarcely represented in

Atlantic regions, and partly replaced by species belonging to less specialized

guilds. Variables related to climate and forest conditions were confounded

along this main geographical gradient in community composition.

Main conclusions We found that bryophyte and fungal communities co-

occurring on fallen beech logs in European beech forest reserves differed in

their responses to biogeographical drivers and local-scale habitat filters. Both

groups responded to major gradients in climate and forest conditions, but the

loss of specialist guilds in degraded forest landscapes points to a functionally

important effect of forest landscape degradation at the European continental

scale.
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INTRODUCTION

It is well known that diversity patterns may differ among

organism groups, along elevational, latitudinal and human

disturbance gradients (e.g. Fukami & Wardle, 2005; Rahbek,

2005; Sundqvist et al., 2013), but in many cases it is poorly

understood why these differences occur. Comparisons across

taxonomical or functional groups are one way to increase

understanding of these patterns (Fukami & Wardle, 2005).

In this respect, decaying wood offers an interesting study sys-

tem, because it hosts several different organism groups play-

ing different functional roles within well-delimited habitat

patches. Fungi are the principal drivers of wood decay

(Boddy & Heilmann-Clausen, 2008) and hence crucial for

most other organism groups associated with dead wood. In

contrast, wood-living bryophytes are not directly involved in

wood decay, but use dead wood as a platform for their auto-

trophic lifestyle. Some bryophytes are obligate epixylic, but a

major part of the species utilizing dead wood are able to

grow and may even be more common on other substrates,

including soil, rocks and the bark of living trees (Stokland

et al., 2012).

Beech species (Fagus spp.) are widespread and typical trees

of temperate deciduous forests throughout the Northern

Hemisphere (Fang & Lechowicz, 2006; Bradshaw et al.,

2010). European beech (Fagus sylvatica L.) is the most wide-

spread species in the genus. It is an important and often

dominant tree species throughout temperate lowland forests

of north-western Europe and in low mountain ranges in

Central Europe, following the Appenines down to southern

Italy (Bradshaw et al., 2010). European beech forests are

among the most degraded and fragmented ecosystems in the

world, with less than 0.1% remaining in near pristine condi-

tion (Schmitt et al., 2009; Brunet et al., 2010). Many associ-

ated organisms are hence threatened with extinction,

nationally or even at the global scale. This is especially the

case for specialists associated with habitats – e.g. old trees

and decaying wood – lacking in managed forests (Brunet

et al., 2010). The biogeography of the flora of European

beech forests is relatively well known (e.g. Willner et al.,

2009) and several recent papers have provided a first Euro-

pean scale assessment of saproxylic beetle diversity (Lachat

et al., 2012; Gossner et al., 2013; M€uller et al., 2013). In

comparison, little is known about large-scale biodiversity

patterns of fungi and bryophytes (Qian et al., 1999; �Odor

et al., 2006; Heilmann-Clausen & Boddy, 2008).

More broadly, the importance of local habitat filters for

determining community structure has been studied quite

extensively for both wood-inhabiting fungi and bryophytes

in different forest types. Wood-decay stage, tree species and

microclimatic factors have been shown to be important fil-

ters influencing species composition at individual fallen trees

in both groups (�Odor & van Hees, 2004; Heilmann-Clausen

et al., 2004; Boddy & Heilmann-Clausen, 2008; Raabe et al.,

2010). Several studies have found a clear link between

lowered dead wood amounts and decreasing species richness

in managed forests (for reviews see M€uller & B€utler, 2010;

Lassauce et al., 2011), while others have indicated that forest

fragmentation and temporal habitat discontinuity influence

species composition at the landscape scale, even in the pres-

ence of ample and adequate habitats in local hotspots (e.g.

Heilmann-Clausen & Christensen, 2005; L€obel et al., 2006;
�Odor et al., 2006; Paltto et al., 2006). Unfortunately, none of

these studies accounted for the potential importance of cli-

mate in a comprehensive way, and hence it is difficult to

evaluate to what degree forest conditions, habitat quality and

climate interact in shaping bryophyte and fungal communi-

ties.

In this study we explored community composition of

wood-inhabiting bryophytes and fungi based on a compre-

hensive dataset collected in a standardized way in beech for-

est reserves across six countries in Europe, from Sweden in

the north, Belgium in the west, Slovenia in the south, and

Hungary in the east. The dataset represents an extension of

the dataset analysed by �Odor et al. (2006) that focused on

species richness patterns. For both organism groups the anal-

ysed dataset is the geographically most extensive so far using

a standardized sampling protocol.

It was our overall expectation that substrate quality, cli-

mate and forest conditions all contribute to explain commu-

nity composition of fungi and bryophytes on fallen logs

across study sites. Because fungi have a direct role in wood

decay while bryophytes use dead wood only as a substrate, we

hypothesized that: (1) the relative contribution of substrate

quality was stronger for fungi than for bryophytes; and (2)

regional climatic factors were more important for explaining

differences in bryophyte community composition. Finally, (3)

we hypothesized that variables related to forest conditions

(including history) were equally important in explaining

community structure in both organism groups, with ecologi-

cally degraded communities prevailing in forest landscapes

characterized by a lack of naturalness and habitat loss.

MATERIALS AND METHODS

Study objects

The study was conducted in 26 beech stands, in 16 forest

reserves, in Belgium, Denmark, Hungary, the Netherlands,

Slovenia and Sweden. The stands represent some of the most

natural beech forests within each country. They are all pro-

tected as non-intervention forest reserves, but their historical

management is very different. Owing to an intensive history

of forest management and fragmentation, stands in the Neth-

erlands and Sweden were generally small, which is the reason

for the study design in these countries, where several small

stands aggregated within larger nature reserves were studied

(Table 1, Fig. 1). In Belgium only one forest reserve was

included, but divided into a core area and a buffer zone with

different management history.
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In each stand between five (minimum 25 at reserve level)

and 125 fallen beech logs were selected following a stratified

random approach, with the aim to secure a balanced repre-

sentation of six log decay stages (see �Odor & van Hees,

2004) and three diameter classes (diameter at breast height

20–50 cm; 50–80 cm; > 80 cm). Owing to an unbalanced

representation of decay stages and size classes, it was not

possible to fulfil this goal in some stands, especially in

Belgium and the Netherlands. Several variables were recorded

for each log in the field, or at stand or reserve level based on

various sources. We divided the recorded variables into three

variable sets: (1) substrate variables included all variables

recorded in the field to characterize the individual studied

log, i.e. size, decay stage, bark and moss cover and soil con-

tact; (2) climate and soil variables were recorded at reserve

level, and included a number of key variables describing soil

type, elevation and temperature, rainfall, snow cover and

continentality based on actual measurements from meteoro-

logical stations near the study sites; and (3) forest condition

variables were recorded at stand or reserve level and included

Table 1 List of the 26 protected beech stands in Europe, in which fungi and bryophyte communities on fallen beech logs were

inventoried for this study. The column ‘Abbrev.’ lists the site abbreviations shown in Fig. 1.

Site name Abbrev.

Country

code*

No. of

sampled logs

Stand

size (ha)

Dead wood

volume (m3/ha)

Tree age

(years)

Naturalness

score†

Latitude

(decimal

degrees)

Longitude

(decimal

degrees)

Zoni€enwoud,

core area

ZOK B 125 18 139 220 2 50.75 4.42

Zoni€enwoud,

buffer zone

ZON B 67 80 24 150 1 50.75 4.42

Silkeborg Vesterskov,

Knagerne

KNA DK 25 6 152 230 2 56.13 9.53

Møns Klinteskov,

Kalsterbjerg

MON DK 50 25 100 350 2 54.96 12.54

Strødam STR DK 50 25 181 250 2 55.97 12.27

Suserup Skov SUS DK 50 19 176 350 3 55.37 11.55

Velling Skov VEL DK 25 24 114 275 2 56.04 9.5

Kekes KEK H 97 63 99 350 4 47.87 20
~Oserd~o OSE H 110 25 164 250 2 48.05 20.43

Krokar KRO SI 101 73 153 350 4 45.54 14.78

Rajhenavski Rog RAJ SI 110 51 299 350 4 45.66 15.02
€Askemossen ASK S 25 8 25 200 1 57.09 12.57

D€omestorp DOM S 50 18 25 200 1 56.41 12.98

Biskopstorp,

Holk�asen

HOL S 50 6 70 300 2 56.8 12.89

Biskopstorp,

Kvinns�asen

KVI S 15 2 25 250 2 56.81 12.91

Biskopstorp,

N Kroksj€on

NKR S 25 10 25 250 2 56.8 12.89

Biskopstorp,

Tr€alhultet

TRA S 10 6 25 250 2 56.81 12.91

Valaklitt VAL S 25 10 75 250 2 57.1 12.55

Utrecht,

Amelisweerd

AMW NL 5 3 72 150 1 52.1 5.18

Veluwe,

Dassenberg

DAB NL 33 12 63 200 1 52.07 5.88

Veluwe,

Drie

DRI NL 21 5 44 200 1 52.07 5.88

Veluwe,

Gortelse Bos

GOB NL 11 15 66 200 1 52.07 5.88

Utrecht,

Oostbroek

OOB NL 10 3 72 150 1 52.1 5.18

Veluwe,

Speulderbos

SPB NL 42 27 44 200 1 52.25 5.72

Veluwe,

Weversbergen

WEB NL 32 12 49 100 1 52.07 5.88

Utrecht,

Wulperhorst

WUH NL 44 3 72 200 1 52.1 5.18

*B, Belgium; DK, Denmark; H, Hungary; NL, The Netherlands; S, Sweden; SI, Slovenia.

†For explanation, see Table 2.
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naturalness, dominant tree age, reserve size and dead wood

volume based on actual measurements or recorded data for

each stand, as well as several variables describing the current

and past (18th–19th century) forest cover in a 5-km radius

around the centre point of each stand. A radius of 5 km has

been found to be relevant in earlier landscape studies of

wood-inhabiting fungi (Paltto et al., 2006). We also analysed

a 10-km radius in the early phase of analysis, but as this

radius always resulted in slightly poorer fit with relevant

response variables, we did not include this scale in the final

analyses. Details, names and abbreviations of all variables

and their classification as substrate, climate and soil or forest

condition variables are shown in Table 2. All variables were

standardized by range (i.e. obtaining values ranging from 0

to 1) before further analyses.

Fungi and bryophyte surveys

All included logs were surveyed three times for fungal fruit

bodies and once for wood-inhabiting bryophytes recording all

species growing directly on wood or bark. The fungal surveys

were conducted on three occasions over the fungal season in

order to obtain a robust recording of species producing fruit

bodies on the studied logs. Among the macrofungi (fungi with

fruit bodies visible to the naked eye) all groups were sampled,

except fully resupinate corticoid fungi, non-stromatic pyreno-

mycetes and inoperculate discomycetes with fruit bodies regu-

larly smaller than 10 mm. At each survey, fruit bodies were

recorded in the field or collected for identification in the labo-

ratory. For both fungi and bryophytes, recordings from the

log, including the root plate (if present) and major branches of

the crown (diameter > 10 cm, if present) and the snag up to

2 m (if present), were merged for each log. Surveys were car-

ried out in 2001–2002 except in Sweden, where fieldwork was

conducted in 2004.

For fungi, the taxonomic treatment follows Hansen &

Knudsen (1992–2000), but nomenclature has been updated

to match with Index Fungorum (http://www.indexfungorum.

org/; accessed 18 June 2014). For bryophytes, nomenclature

follows Hill et al. (2006) for mosses and Grolle & Long

(2000) for liverworts. Plagiochila porelloides and Plagiochila

asplenioides, as well as Plagiothecium nemorale and Plagiothe-

cium succulentum, were not separated. Among the fungi, Ant-

rodiella semisupina was treated in a collective sense including

Antrodiella faginea and Antrodiella pallescens; Physisporinus

sanguinolentus was not distinguished from Physisporinus

vitreus; and Pluteus plautus was treated in a collective sense.

Classification of species

Compared with earlier reports based on part of the present

dataset (e.g. �Odor et al., 2006), we excluded some species

groups to secure standardized sampling across study sites.

Thus litter-inhabiting and ectomycorrhizal fungi, which only

occasionally occur on dead wood, were omitted. Similarly, in

the bryophyte dataset, species associated with the soil of the

uprooted part of the logs were omitted. The remaining taxa

were classified into ecological guilds. Bryophytes were classi-

fied based on their normal substrate preference as epilithic,

epiphytic, epixylic, opportunistic or terricolous according to

textbooks (Frahm & Frey, 1992; Smith, 2004; Schumacker &

Vana, 2005) and field experience of the authors (see �Odor

et al., 2006). Fungi were classified as early ruderals, combat-

ive invaders, cord-formers, late-stage specialists, trunk rotters

or with unknown/other ecology, based primarily on Boddy &

Heilmann-Clausen (2008), but with input from other

sources, especially Heilmann-Clausen (2001), Hansen &

Knudsen (1992–2000), and field experience of the authors.

For further details see Appendices S1 and S2 in Supporting

Information.

Data analysis

The overall structure of the fungi and the bryophyte dataset

was explored by detrended correspondence analysis (DCA;

Hill & Gauch, 1980) in PCord 4.25 (McCune & Mefford,

1999). Down-weighting of rare species was not applied, but

species-poor logs (fewer than five species) and infrequent

species (fewer than three records) were omitted from the

dataset to increase the robustness of results (cf. Økland,

1999). DCA is an unconstrained ordination technique and

hence extracted sample scores in the ordination space are

based solely on the species recorded on each log. The rela-

tionships between DCA axes and environmental variables

were studied by simple mixed-effect models (Zuur et al.,

2009) using environmental variables as independent, DCA

axes as dependent variables and site as a random factor.

SPB
AMW, OOB, WUH

DAB, DRI, GOR, WEB

KNA

ZON, ZOK

ASK, VAL

DOM

HOL, KVI, NKR, TRA

MON

STR

RAJ

KRO

KEK OSE

VEL
SUS

Figure 1 Map of Europe showing the location of 26 protected

beech stands in which fungi and bryophyte communities on
fallen beech logs were inventoried for this study. For full names

of stands, see Table 1.
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Owing to confounded variation among some variables and

limited degrees of freedom for stand-level variables, we did

not attempt to construct more complex multivariate models.

In all models the significance of the relationships were tested

by F-statistics, and with P-values Bonferroni–Holm adjusted,

owing to the multiple comparisons. The regression modelling

was conducted in R 2.15.2 (R Core Team, 2012), using the

nlme package (Pinheiro et al., 2011).

The ecological nature of the gradients extracted in DCA

was analysed further by testing for non-random patterns in

the distribution of ecological guilds along each DCA axis

using one-way ANOVAs, based on the DCA axis scores for

Table 2 List of environmental variables recorded in this study on fungi and bryophyte communities on fallen beech logs in Europe,

and their affiliation to defined variable sets.

Variable name Variable set Description Data type Min, mean and max

DECAY STAGE Substrate Average decay stage of log* ordinal, six stages 1, 3.1, 6

DBH Substrate Diameter at breast height continuous, cm 10, 56.2, 135

BARK COVER Substrate Bark cover of log continuous, % 0, 38.6, 100

SOIL CONTACT Substrate Soil contact of log continuous, % 0, 71.6, 100

MOSS COVER Substrate Moss cover on log continuous, % 0, 24.3, 100

SNAG Substrate Presence/absence of snag binary

ELEVATION Climate and soil Elevation continuous, m 2, 373, 1120

TEMP_MIN Climate and soil Mean temperature of the

coldest month†
continuous, °C �4.7, �0.4, 3.4

TEMP_MAX Climate and soil Mean temperature of the

warmest month†
continuous, °C 15.5, 16.6, 18.2

TEMP_RANGE Climate and soil Temperature difference between

coldest and warmest month†
continuous, °C 14.4, 17.0, 20.2

TEMP_AVE Climate and soil Mean annual temperate† continuous, °C 5.7, 7.82, 9.4

PRECIPITATION Climate and soil Mean annual precipitation† continuous, mm 586, 988, 1579

SNOW COVER Climate and soil Mean number of days per year

with snow cover†

continuous, days 25, 68.3, 140

LANG’S RAINFALL

INDEX

Climate and soil Mean annual precipitation/mean

annual temperature

continuous, mm/°C 74.2, 130.4, 205.1

SOIL_RICH Climate and soil Soil richness‡ ordinal, four stages 1, 2.7, 4

NATURALNESS Forest conditions Naturalness of the stand as

a forest§
ordinal, four stages 1, 2.3, 4

TREE AGE Forest conditions Highest age of the dominant trees continuous, year 100, 262.7, 300

STAND SIZE Forest conditions Area of the strict forest reserve continuous, hectar 2.2, 31.5, 80

CWD VOLUME Forest conditions Volume of dead wood in

the reserve¶
continuous, m3 ha�1 24, 119.5, 299

FOREST COVER Forest conditions Present forest cover, 5-km radius** continuous, % 9.4, 61.2, 98.2

DECIDUOS COVER Forest conditions Present cover of deciduous

forest, 5-km radius**

continuous, % 0.9, 32.4, 95.5

CONIFEROUS COVER Forest conditions Present cover of coniferous

forests, 5-km radius**

continuous, % 0, 16.2, 66.6

CONIFEROUS SHARE Forest conditions Present coniferous forest share** continuous, % 0, 27.6, 83

PAST FOREST COVER Forest conditions Past forest cover, 5-km radius†† continuous, % 0, 58.1, 90

FOREST COVER CHANGE Forest conditions Change in forest cover, 5-km radius‡‡ continuous, % �41.5, 3.1, 43.9

*Based on �Odor & van Hees (2004).

†Based on data from: http://www.smhi.se/, normals 1961–1990 (Sweden); http://www.dmi.dk/, normals 1961–1990 (Denmark); http://www.knmi.

nl/, normals 1971–2000 (The Netherlands); http://www.meteo.be/, normals 1971–2000 (Belgium); http://www.met.hu/, normals 1971–2000 (Hun-

gary); http://www.meteo.arso.gov.si/met/en/, normals 1971–2000 (Slovenia).

‡1: sand (The Netherlands, Denmark), granite (Sweden); 2: loam-sand and clay (The Netherlands); 3: sand-clay and loam-sand (Denmark),

andesite (Hungary), loess (Belgium); 4: limestone (Slovenia, Hungary), chalk (Denmark).

§1: Recently managed forests with a homogenous structure and low levels of dead wood, dominant trees generally ≤ 200 years, gaps in tree conti-

nuity possible; 2: recently managed forests with a homogenous structure and moderate levels of dead wood, dominant trees generally > 200 years,

no gaps in tree continuity; 3: forests affected by selective cuttings in the past, but with a heterogeneous structure and abundant dead wood; dom-

inant trees generally > 200 years, no gaps in tree continuity; 4: more or less virgin forests, with no documented human influence.

¶Based on Christensen et al. (2005) and €Orjan Fritz, Naturcentrum AB, pers. comm.

**Based on CORINE2007 land cover data (available from the European Environment Agency, http://www.eea.europa.eu/publications/COR0-land-

cover).

††Det Kongelige Danske Videnskabernes Selskab (1762–1820) (Denmark); Generalstabens karta €over Halland 1839–1842, here derived from

Malmstr€om (1939) (Sweden); Sepp (1773) (The Netherlands); de Ferraris (1777) (Belgium); Arcanum, (2006) (Hungary and Slovenia).

‡‡Present forest cover minus past forest cover.
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each species. Tukey’s honestly significant difference (HSD)

tests were used for post-hoc comparisons of means.

The relative importance of the three groups of explanatory

variables (substrate, climate and soil and forest condition;

Table 2) on species composition in both organism groups

were analysed by variation partitioning (Legendre & Legen-

dre, 1998) using canonical correspondence analysis (CCA;

Lep�s & �Smilauer, 2003). The pool of explanatory variables in

each variable set was selected by forward selection via Monte

Carlo simulation under the full model using 499 permuta-

tions. During the selection process the automatic selection

procedure of canoco 4.5 was used (ter Braak & �Smilauer,

2002).

RESULTS

In total we recorded 157 species of bryophytes and 272 spe-

cies of fungi on the 1207 investigated logs. A large propor-

tion of the recorded species occurred on fewer than three

logs, and similarly many logs had fewer than five species

present in either group. After pruning out these species-poor

logs and infrequent species, the bryophyte dataset was

reduced to 9689 records of 114 species on 893 study objects,

while the fungal dataset contained 12967 records of 210

species on 965 study objects.

In both datasets three ordination axes were extracted in

the DCA. In the fungal dataset the ordination axes 1 to

3 had gradient lengths of 3.98, 3.64 and 3.30 SD units,

respectively, with eigenvalues of 0.40, 0.30 and 0.19. The

DCA of the bryophyte dataset similarly produced ordination

axes with lengths of 3.71, 3.52 and 3.58 SD units, respec-

tively, and corresponding eigenvalues of 0.53, 0.32 and 0.19.

Relationships between DCA axes and environmental

variables

All extracted ordination axes were significantly related to

environmental variables (Table 3), and in both groups of

organism a clear geographical clustering was evident in the

ordination space defined by axes 1 and 2 (Fig. 2).

For bryophytes, the first axis was best explained by snow

cover, temperature range, elevation, naturalness and longi-

tude, implying that this axis separated Atlantic lowland sites

in northern Europe from highland sites in central Europe

with a continental montane climate, long snow cover and

high naturalness. The second axis in the bryophyte ordina-

tion was best explained by decay stage and related substrate

variables nested within site (Table 3). The third bryophyte

ordination axis was significantly related only to substrate

variables with decay stage having the highest F-value.

In the fungal ordination, axis 1 was best explained by

decay stage, while axis 2 expressed a geographical gradient

(Fig. 2), best explained by longitude and temperature range

(Table 3), implying that the axis represented a gradient in

continentality. The third and weakest fungal ordination axis

was only related to substrate variables with log size (diameter

at breast height) having the highest F-value. It is important

to note that correlation among some environmental variables

was very pronounced (see Appendix S3) and hence the rela-

tionships between closely related environmental variables and

ordination axes are not independent.

Optima of guilds

The distribution of bryophyte and fungal guilds was signifi-

cantly non-random along the analysed DCA ordination axes

(ANOVA, P < 0.0001 except for axis 3 in the fungal ordina-

tion with P = 0.0058; F-values were 6.3, 6.9 and 28.7 for axes

1–3, respectively, in the bryophyte ordination, and 25.7, 5.3

and 3.4 for the corresponding fungal axes). Among the bryo-

phytes, epilithic and epixylic species had significantly lower

optima along axis 1 than terricolous and opportunistic spe-

cies, while epiphytes and epixylic species were separated

along axis 2 (Fig. 3). Along axis 3, epiphytes and epilithic

species were significantly separated from epixylic, terricolous

and opportunistic species. The axis 1 optima of epilithic and

epixylic species were lower than the general distribution of

samples in the same ordination space, indicating that these

guilds have a disproportional strong influence on the com-

munity gradient, owing to a high prevalence in Slovenia and

Hungary.

In the fungal ordination a significant turnover in guilds

was evident along ordination axis 1. Early ruderals had sig-

nificantly higher optima than all other groups, but also com-

bative invaders had a high optima indicating prevalence on

weakly decayed logs. In contrast, late-stage specialists had the

lowest optima. Along axis 2, species classified as trunk rotters

had significantly higher optima than late-stage specialists,

cord-formers and species with different or unknown strate-

gies. The distribution of cord-formers was narrow and par-

ticularly low, indicating this guild to be very sparsely

represented towards the continental end of this gradient.

Finally late-stage specialists were significantly separated from

species with unknown or different ecology along axis 3.

Variation partitioning

The CCA-based variation partitioning of the fungal and

bryophyte datasets showed marked differences between the

two datasets (Fig. 4): substrate variables independently

explained 8% of the explained variance in the bryophyte

dataset compared with 23% in the fungal dataset. Climate

and soil and forest condition variables in combination

accounted for 77% of the explained variance in the bryo-

phyte dataset compared with 63% in the fungal dataset. The

individual contribution of climate and soil variables was sim-

ilar in both datasets (21%), while variables describing forest

conditions were slightly more important in explaining varia-

tion in the fungal dataset (20% vs. 15%). Further, the shared

contribution of forest condition and climate and soil vari-

ables was almost twice as high in bryophytes (40%) as in

fungi (22%). In total, the selected explanatory variables
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explained 22.7% of the total inertia in the bryophyte CCA

and 10.3% of the total inertia in the fungal CCA. As shown

by Økland (1999), total inertia is not comparable between

datasets, and in our case the difference probably reflects

inherent differences in data structure, especially the larger

species pool and higher frequency of infrequent species in

the fungal compared with the bryophyte dataset (cf. �Odor

et al., 2006).

Table 3 Simple mixed-effects models between environmental variables and detrended correspondence analysis (DCA) ordination axis

scores based on bryophytes and fungal communities on fallen beech logs in Europe using site as a random factor. For substrate variables
the degrees of freedom were 862 for bryophytes and 933 for fungi. For site-level variables (climate and soil, forest conditions) the

degrees of freedom were 22 in both groups. For each variable the direction of the effect (+ or – sign) and the F-value is given.

Variable set

Bryophytes Fungi

Axis 1 Axis 2 Axis 3 Axis 1 Axis 2 Axis 3

Sign F Sign F Sign F Sign F Sign F Sign F

DECAY STAGE Substrate + 31.1**** – 216.1**** + 342.9**** – 1441.2**** – 24.1** + 10.1**

DBH Substrate – 7.2 + 11.6 – 10.3** + 0 + 0 – 22.5****

BARK COVER Substrate – 26.7** + 169.1**** – 244**** + 873.2**** + 19.5** – 15.2***

SOIL CONTACT Substrate + 16.9**** – 86.6**** + 184.7**** – 370.4**** – 7.7* + 3.8

MOSS COVER Substrate + 1.6 – 7.5 + 93.7**** – 118.9**** – 8.8* – 3.4

ELEVATION Climate

and soil

– 61.3**** – 0 – 2.1 + 0.1 + 44.2**** – 1.5

TEMP_MIN Climate

and soil

+ 19.5** – 6.5 – 0.5 + 0.6 – 87.3**** + 0

TEMP_MAX Climate

and soil

+ 0.8 – 17.4** – 3.3 + 0.8 – 7 – 0.7

TEMP_RANGE Climate

and soil

– 48.9**** + 1.6 + 0 – 0.3 + 151.9**** – 0.39

TEMP_AVE Climate

and soil

+ 6 – 11.5* – 3.7 + 1.6 – 22** + 0

PRECIPITATION Climate

and soil

– 5.7 + 3.1 + 1.2 + 5 + 2.6 – 3.2

SNOW COVER Climate

and soil

– 52.1**** + 1.8 + 0 + 0 + 41.1**** – 2.3

LANG’S

RAINFALL

INDEX

Climate

and soil

– 8.6 + 10 + 3.7 + 0.9 + 11 – 2

SOIL_RICH Climate

and soil

– 22.5** – 6.1 – 1.2 – 4.1 + 7.7 – 0.7

NATURALNESS Forest

conditions

– 53.2**** + 0.2 – 0.5 – 0.8 + 25.9*** – 2

TREE AGE Forest

conditions

– 24.4** + 2.9 – 0.1 – 2.5 + 20.4** + 0

STAND SIZE Forest

conditions

– 10.3 – 3.9 – 0.8 – 0 + 3.7 – 0.5

CWD

VOLUME

Forest

conditions

– 17.5** – 1.1 – 1 – 1.7 + 4.6 – 2.8

FOREST

COVER

Forest

conditions

– 8.4 + 4 + 0.2 + 0.8 + 16.7** – 1.2

DECIDUOS

COVER

Forest

conditions

– 13.2* – 0.8 – 0.8 – 2 + 27.8*** – 1.1

CONIFEROUS

COVER

Forest

conditions

+ 2.4 + 24.3** + 4.1 + 4.3 – 0.3 + 0

CONIFEROUS

SHARE

Forest

conditions

+ 10.35 + 10.93 + 1.42 + 9.91 – 2.68 + 0.49

PAST FOREST

COVER

Forest

conditions

– 11.9* – 0.9 – 0 – 1.4 + 8.1 – 5.6

FOREST COVER

CHANGE

Forest

conditions

+ 0.3 + 15.7* + 0.4 + 7.1 + 0.2 + 1.8

LATITUDE Not included + 7.8* + 9.2 + 8.4 – 0.6 – 3.3 + 1.8

LONGITUDE Not included – 33.3*** + 3.5 + 0.1 – 1.7 + 183.2**** – 0

****P < 0.0001, ***P = 0.0001 to < 0.001, **P = 0.001 to < 0.01, *P = 0.01 to < 0.05.
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DISCUSSION

Local filters

In this study we found clearly different patterns in commu-

nity structure of wood-inhabiting fungi and bryophytes on

fallen beech logs, distributed in 26 protected beech stands in

six European countries. Fungal community composition was

strongly structured by local filters, particularly wood-decay

stage at log level, while bryophyte communities were most

strongly shaped by site and landscape level filters relating to

climate and forest conditions (especially naturalness).

A distinct turnover in fruiting patterns of fungal species

composition during wood decay is well established from pre-

vious studies (Stokland et al., 2012), but our study is the

first to demonstrate the generality of a strong, common

decay gradient shaping fungal communities on decaying

beech logs at the European continental scale. The optima of

fungal guilds along the gradient show a transition from early

ruderals in initial decay stages, over combative invaders and

trunk rotters in intermediate decay stages and with cord-

formers and late-stage specialists having the latest optima.

This turnover corresponds roughly to a shift from ruderal to

combative species, combined with the effect of substrate

modification favouring species specialized in utilizing resid-

ual compounds from previous decay (Heilmann-Clausen,

2001; Boddy & Heilmann-Clausen, 2008).

For the bryophytes, the effect of decay stage was smaller

than for fungi and subordinate to the effect of variables

related to climate and forest conditions. This may partly

reflect the fact that the decay stage was estimated based on

the physical decay stage of logs, reflecting the activity of

decomposer fungi, while time since tree death would be the

most relevant variable to address for bryophytes. However,

our analyses show a strong geographical differentiation of

bryophyte communities within our dataset, with the clear

expression of a successional gradient only after accounting

for differences in species pools among sites. Several previous

studies have reported a clear successional turnover in bryo-

phyte species composition as wood decays, with epiphytes

dominating in early decay stages and epixylic species

restricted to strongly decayed logs (e.g. S€oderstr€om, 1988;

Rambo & Muir, 1998; �Odor & van Hees, 2004; Kushnevskaya

et al., 2007). This corresponds very well to the turnover in

guilds found along ordination axes 2 and 3 in this study,

with the interesting addition that epilithic species, when

present, seem to co-occur with epiphytes, while terricolous

species grouped with the epixylics.

Geographical gradients in bryophyte communities

Variables related to climate and forest conditions were con-

founded along the principal bryophyte community gradient,

and the variation partitioning approach suggested that most

of the explained variation is shared between both set of vari-

ables. Previous studies have found that obligate epixylic

bryophytes are sensitive to a lack of naturalness at the local

scale, owing to discontinuity in the presence of suitable sub-

strates, especially large-diameter dead logs in managed forests

(Andersson & Hytteborn, 1991; Rambo & Muir, 1998;

Saboljevic et al., 2010), but also owing to the lack of stability

in forest climate caused by forestry operations, facilitating

more robust, weft-forming bryophytes that are less sensitive

to desiccation (Clausen, 1964; �Odor & van Hees, 2004). As

shown by �Odor et al. (2006), the average alpha diversity

(species richness per log) is very variable within our dataset,
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Figure 3 Boxplots showing the distribution of defined ecological guilds along ordination axes extracted in the detrended
correspondence analysis (DCA) based on the bryophyte dataset (left panel) and fungal dataset (right panel) collected from fallen beech

logs at 26 sites in Europe. Different letters indicate significantly different means (P < 0.05) based on Tukey’s HSD tests comparing all
means. Side bars show the distribution of samples (logs) along the same ordination axes.
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being very high in Slovenia, and lowest in Belgium, the

Netherlands and Denmark, reflecting the principal gradient

in bryophyte species composition found in this study. The

optima of bryophyte guilds along the first ordination axis

showed that bryophyte assemblages in countries with low

alpha diversity were dominated by opportunistic and terrico-

lous species, while obligate epixylic, and to a lesser extent

epiphytic species, were very scarce. Thus, low alpha diversity

was related to a depletion of functional types in the commu-

nity, and in particular to a poor representation of specialized

epixylic species on decayed logs. However, a direct or indi-

rect effect of climatic drivers cannot be ruled out, and the

strong relationship between the first ordination axis and

snow cover and elevation is intriguing. In a study from the

Czech Republic, Jansov�a (2006) found that growth and local

extinction dynamics of bryophyte communities on beech logs

were more intensive in the winter than in the summer. This

suggests that the length of the snow free period in winter

may be an important factor structuring epixylic communi-

ties, just as it has been shown for ground-living bryophytes

in alpine snow-beds (e.g. Hohenwallner et al., 2011). In our

dataset, the winter period without snow cover was longest

for sites in Belgium and the Netherlands, and hence nega-

tively correlated with stand naturalness. Whether a shorter

snow cover may benefit opportunistic species, which often

have higher growth rates than true epixylic specialists,

remains untested.

Geographical gradients in fungal communities

Even though the dominant gradient in fungal communities

was related to log-decay stage, regional filters also play an

important role. Thus, axis 2 in the fungal ordination repre-

sents a distinct geographical gradient, strongly related to lon-

gitude and temperature range, and with weaker relationships

to several forest condition variables. Overall, this suggests a

distinct turnover in fungal community structure with

increasing continentality. Wood-inhabiting fungi are known

to differ considerably in their microclimatic tolerances and

preferences (Boddy & Heilmann-Clausen, 2008; Stokland

et al., 2012) but only a few studies have explored the impor-

tance of macroclimate for community composition and

mainly in relation to elevational gradients (Lindblad, 2001;

G�omez-Hern�andez et al., 2012). Previously, we suggested

that trunk rotters, which are normally considered stress tol-

erant (Boddy & Heilmann-Clausen, 2008), could be favoured

under continental climates (�Odor et al., 2006; as heart rot

agents). The current guild-based analysis supports this

hypothesis, but because of the confounding relationship

between climate and forest condition variables, direct effects

of forest history or naturalness cannot be ruled out.

Studies from Fennoscandia have reported a clear relation-

ship between forest fragmentation and lack of naturalness

and the depletion of fungal communities for habitat special-

ists (Paltto et al., 2006; Penttil€a et al., 2006; Berglund et al.,

2011; Nord�en et al., 2013). Unfortunately, these studies have

not accounted for the potential effect of climate in a com-

prehensive way, but in a regional-scale study in Germany,

B€assler et al. (2010) found that resource availability was

more important than climate for wood-inhabiting fungi on

large-diameter dead wood. In our dataset, trunk rotters con-

stitute an important group of habitat specialists depending

on large decaying logs or living trunks with internal rot

(Boddy & Heilmann-Clausen, 2008). Hence, their optima in

Slovenia and Hungary could reflect the fact that beech forests

in general are more natural and less-fragmented forests in

this part of Europe. The significant disassociation of trunk

rotters with cord-formers and late-stage specialists along

DCA axis 2 supports this interpretation. The two latter

guilds all have traits that make them competitive in managed

forests with low input of large-diameter dead wood: cord-

formers are typically able to grow on various types of woody

material, and may even utilize other types of plant litter

(Boddy, 1999). Late-state specialists include mainly basidio-

mycetes, not least agarics belonging to the genera Mycena,

Pluteus and Psathyrella. Except for the preference for well-

decayed wood, little is known on their exact habitat require-

ments, but they are rarely restricted to large-diameter dead
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wood and several species occur even on cut stumps, sawdust

and other man-made substrates (Runge, 1975; Babos, 1981).

In a parallel analysis of the fungal dataset used here, but with

a strict focus on forest naturalness we found that beta diver-

sity was significantly lower in late stages of decay in less nat-

ural forest reserves than in more natural sites (Halme et al.,

2013). This could reflect a depletion of trunk-rotters to the

benefit of more ruderal cord-formers and late-stage agarics,

resulting in more uniform fungal communities on strongly

decayed logs in degraded forests, but further studies are

needed to confirm the validity of this hypothesis.

CONCLUSIONS

In this study we found that bryophyte and fungal communities

co-occurring on fallen beech logs in European beech forest

reserves differed considerably in their responses to biogeo-

graphical drivers and substrate quality. In accordance with our

first hypothesis, fungal communities were structured by a

common and strong successional gradient over the European

continental scale, while bryophyte communities on the same

logs were more strongly structured by regional filters, with

effects of substrate quality nested at the regional level. In other

words, considerable species pool differences were evident for

bryophytes, but not for fungi. Species in both groups often

have wide distribution ranges, which would assume low effects

of species pools. However, several specialized bryophyte spe-

cies (mainly epixylics) are predominantly dispersed by large

asexual diaspores, and hence dispersal-limited at the landscape

scale (L€obel & Rydin, 2009), which suggests that communities

of wood-inhabiting bryophytes might be more sensitive to

habitat fragmentation and breaks in continuity than fungal

communities.

The tests of our second hypothesis (regional climatic fac-

tors are more important for bryophytes than for fungi) and

third hypothesis (forest conditions are equally important in

both groups) proved difficult because of the confounding

relationship between important climatic and forest condition

variables along the identified community gradients. However,

our results pointed to a pronounced effect of climatic vari-

ables on fungal communities at the European scale, and our

data do not support wood-inhabiting fungi being less

affected by regional climate than bryophytes, although driv-

ers and mechanisms seem to differ among the two groups of

organism.

With some variation a distinct community turnover was

observed in both wood-inhabiting bryophytes and fungi,

along a longitudinal gradient from Central (Slovenia and

Hungary) to Western Europe (Belgium and the Netherlands),

with substrate specialists depending on large fallen logs being

scarcely represented in the latter countries. Based on this,

but also considering the overall landscape history of Europe

(Kaplan et al., 2009), we interpret this depletion to reflect

mainly a response to the severe forest loss and broken habi-

tat continuity in Western Europe, but with a probable inter-

action with climatic factors. It seems plausible that both

epixylic bryophytes and fungi causing trunk rot might be

more competitive in continental climates: epixylic bryophytes

because of the longer period with snow cover, which may

decrease competition from more opportunistic species, and

trunk rotting fungi because of the higher level of microcli-

matic stress, reducing competition from cord-formers and

late-stage specialists. We hope that future studies addressing

geographical gradients in biodiversity connected to dead

wood can be optimized to focus more on the independent

effects of climate and forest history on biodiversity on dead

wood. At least in Europe the confounding relationship

between climate and anthropocentric forest loss and degrada-

tion is deeply embedded in history (Kaplan et al., 2009),

which makes the design of relevant studies difficult. Carefully

designed studies over the naturalness gradient in the core

areas of beech in the Balkans and in the Carpathians could

probably overcome this problem, but we also encourage

studies on other tree species, from other continents or using

experimental set-ups, to increase the knowledge on the gen-

erality of climate and habitat-loss effects on wood-inhabiting

biodiversity.
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