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Abstract Tree crowns typically cover the vast majority of the surface area of trees, but

they are rarely considered in diversity surveys of epiphytic bryophytes and lichens,

especially in temperate Europe. Usually only stems are sampled. We assessed the number

of bryophyte and lichen species on stems and in crowns of 80 solitary sycamore maple

trees (Acer pseudoplatanus) at six sites in wooded pastures in the northern Alps. The total

number of species detected per tree ranged from 13 to 60 for bryophytes, from 25 to 67 for

lichens, and from 42 to 104 for bryophytes and lichens considered together. At the tree

level, 29 % of bryophyte and 61 % of lichen species were recorded only in the crown.

Considering all sampled trees together, only 4 % of bryophyte, compared to 34 % of lichen

species, were never recorded on the stem. Five out of 10 red-listed bryophyte species and

29 out of 39 red-listed lichen species were more frequent in crowns. The species richness

detected per tree was unexpectedly high, whereas the proportion of exclusive crown

species was similar to studies from forest trees. For bryophytes, in contrast to lichens,

sampling several stems can give a good estimation of the species present at a site. How-

ever, frequency estimates may be highly biased for lichens and bryophytes if crowns are

not considered. Our study demonstrates that tree crowns need to be considered in research

on these taxa, especially in biodiversity surveys and in conservation tasks involving lichens

and to a lesser degree also bryophytes.
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Introduction

Trees are very important habitats for epiphytic bryophytes and lichens. Species richness on

single trees can be extremely high, especially in the tropics where up to 110 bryophyte

(Romanski et al. 2011) or 173 lichen (Aptroot 1997) species on a single tree may be found.

Epiphytic bryophytes and lichens are a diverse group of species in temperate areas as well

(see Barkman 1958), and they contribute strongly to the species richness of regions with

many specialist species confined to trees, such as many Orthotrichum or Usnea species.

The assessment of the diversity of epiphytic bryophytes and lichens faces several

problems: trees have a complex three-dimensional architecture that is difficult to access,

and microclimatic conditions vary greatly within a tree depending on the exact position

(e.g. stem, inner crown, outer crown) and the surrounding vegetation (Barkman 1958;

Barker and Pinard 2001), making it extremely laborious to sample all microhabitats.

A frequently used sampling method in diversity assessments of epiphytic bryophytes

and lichens is to survey only the stems of individual trees. Stems are sampled either by

using predefined plots (e.g. Rasmussen 1975; Scheidegger et al. 2002a; Lõhmus et al.

2006; Jüriado et al. 2009; Paltto et al. 2011) or by studying the whole stem up to a certain

height (often 2 m; e.g. Friedel et al. 2006; Lie et al. 2009; Buckley 2011; Caruso et al.

2015; Whitelaw and Burton 2015). Tree crowns, which comprise the vast majority of the

surface area of trees (Sillett and Antoine 2004), are rarely considered, especially in tem-

perate Europe (Sillett and Antoine 2004; Boch et al. 2013a).

Tree crowns often host a considerable number of species that are overlooked when only

the stems are sampled (Fritz 2009; Boch et al. 2013a; Marmor et al. 2013). Furthermore,

surveying only the lower part of the stem can underestimate the number of red-listed

species (Fritz 2009). Ignoring the crown might thus lead to biased species richness and

frequency estimations of crown specialists. So far tree crowns have been investigated in

forests (e.g. Hale 1952; Fritz 2009; Boch et al. 2013a; Marmor et al. 2013) but not on

solitary trees which are exposed to different environmental conditions (Barkman 1958),

and may thus be very different from forest trees with respect to the importance of the

crown for the occurrence of epiphytic species.

Epiphytic species on trees exhibit distinct patterns of vertical distribution (Hale

1952, 1965; Yarranton 1972; Kenkel and Bradfield 1986; Coote et al. 2008). From the base

of a forest tree to its crown, light intensity, wind and evaporation increase considerably,

while temperature variations are largest at the base of the trunk and at the top of the crown

(Barkman 1958). Environmental conditions in crowns of solitary trees are very similar to

those of forest trees, but conditions at the base of solitary trees are quite different, with high

maximum temperatures and severe drought (Barkman 1958). Old trees, either in forests or

growing solitarily, are important for the conservation of epiphytic bryophytes and lichens,

and they are a key habitat for many red-listed species (Wirth 1987; Rose 1991; Vander-

poorten et al. 2004; Ranius et al. 2008; Fritz et al. 2009a).

Here, we focus on sycamore maple (Acer pseudoplatanus) in wooded pastures, a tra-

ditional land management system in the montane region of the northern Alps. These

pastures represent a parkland-like landscape timbered with scattered sycamore maple trees

(Figs. S1 and S2 in Online Resource 1). Many of these trees are old and densely covered

with bryophytes and lichens. Despite their obvious abundance in epiphytic lichen and

bryophyte biomass, the diversity of epiphytic species on these trees has never been thor-

oughly studied. In particular, we are not aware of any study where the trees were climbed

in order to assess the species in the crowns.
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The objectives of this study were to (i) measure the overall diversity of bryophytes and

lichens on trees in temperate climates, (ii) examine which portion of these species is

overlooked if only stems are sampled, (iii) asses the relationship between the diversity on

the stem and the additional diversity in the crown and (iv) evaluate the importance of tree

crowns as a habitat for red-listed species.

Methods

Study sites

The study sites are located in the northern Alps where typical sycamore maple wooded

pastures occur. Six sites were selected along the east–west axis of the Alps (Fig. 1;

Table S1 in Online Resource 1). Each site is comprised of one valley with abundant

sycamore maple wooded pastures. All sites are part of the Atlantic climate region and are

characterized by a temperate mountain climate, with precipitation ranging from 956 to

Fig. 1 Location of the six study sites in the northern Alps. RB Reichenbachtal (Bern, CHE), MG
Meniggrund (Bern, CHE), GA Grosser Ahornboden (Tyrol, AUT), WF Wanker Fleck (Bavaria, DEU), GN
Gnadenalm (Salzburg, AUT), GT Glemmtal (Salzburg, AUT). USGS EROS Data Center; ESRI: ArcWorld
Supplement and Data Solutions, B.V
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1563 mm per year (Baumgartner et al. 1983; see Table S1 in Online Resource 1). Three of

the sites, Reichenbachtal (RB), Grosser Ahornboden (GA) and Gnadenalm (GN), were

chosen because the rare and threatened bryophyte species Tayloria rudolphiana was

recently recorded there.

Tree selection

For the selection of trees, all sycamore maple wooded pastures within each valley, starting

from an elevation of 1000 m a.s.l. up to the upper limit of their occurrence at ca. 1700 m

a.s.l., were considered. In each valley, the sycamore maple trees in the pastures were

digitized using recent (2009–2012) colour infrared images. Sycamore maple trees are

easily distinguished from coniferous trees on these images but not from other deciduous

trees. However, other deciduous trees were rare at the studied sites. The Wanker Fleck

(WF) site was an exception, and a considerable number of beech trees were present there.

To select trees for field sampling, we applied a stratified random sampling procedure to the

digitized trees in order to capture the ecological variability of each site. Three factors were

used for the stratification: annual global potential shortwave radiation (sradyy; algorithm

following Kumar et al. (1997)), distance to the next river, and number of neighbouring

trees. We defined two levels within each of the three stratification factors, leading to a total

of 8 different factor combinations (2 9 2 9 2). Each of the digitized trees was assigned to

one of these factor combinations. For the radiation factor, we set a threshold value

reflecting radiation at a flat point approximately in the centre of each site but avoiding parts

where the surrounding mountains exhibited a considerable impact on the value. This

threshold value ranged between 14,700 and 16,700 kJ m-1 day-1. Radiation generally has

a positive effect on the diversity of epiphytic bryophytes and lichens (Löbel et al. 2006;

Buckley 2011) and also has a strong effect on air humidity (Yang and Koike 2002). The

factor ‘‘distance to the next river’’ was chosen to account for different levels of air

humidity. Sites close to rivers are characterized by high air humidity (e.g. Stewart and

Mallik 2006), which promotes the diversity of epiphytic bryophytes and lichens (Heylen

et al. 2005; Hylander et al. 2005). We choose a threshold value of 50 m distance to the next

river to group the trees into two classes. The factor ‘‘number of neighbouring trees’’ was

used to account for different levels of connectivity, a crucial factor for the diversity of

epiphytic bryophytes and lichens (e.g. Sillett et al. 1995; Löbel et al. 2009; Johansson et al.

2012). When the distance between the centres of the crowns of two neighbouring trees was

less than 20 m, the trees were considered part of the same stand. We grouped the stands

into small (\4 trees) and large stands (four or more trees). Since we aimed at a repre-

sentative selection of trees per site we sampled only one tree per selected stand.

We then randomly selected two trees from each factor combination, leading to a total of

16 trees per site. However, at GA, WF, GN and Glemmtal (GT), only 12 trees were

selected because not all factor combinations were present. In total, 80 trees were examined.

Only trees with a minimum diameter at breast height (DBH; sampled at 1.3 m height) of

36 cm were considered. Trees that did not comply with the stipulated specifications (not a

sycamore maple or DBH\36 cm) were replaced by the nearest tree of the same factor

combination. In the field, we measured the DBH, the total height and the height of the

lowest big branch of each sampled tree. Tree size and DBH is frequently not closely related

to tree age (Boudreault et al. 2000; Dittrich et al. 2013). Therefore, we used other proxies

based on their phenology (‘‘phenological age’’) to classify the trees into young and mature

trees. Trees with smooth stem bark and with a regular branching pattern were defined as

young trees, and trees with cracked bark and an irregular branching pattern (caused by the
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loss of some of the branches) were defined as mature trees. Most of the tree crowns were

distinctly higher than wide and we thus approximated the crown volume as the height of

the crown (total height-height of the lowest big branch) 9 projected crown area (derived

from orthophotos). The DBH of the sampled trees varied between 36.3 and 167.8 cm

(77.4 ± 29.5, mean ± SD), their height ranged from 8.9 to 25.0 m (16.8 ± 3.9) and the

volume of the crown ranged from 122 to 6044 m3 (1622 ± 1189).

Sampling

Field work was carried out between April and September of 2012 and 2013. On each tree, a

total of 13 plots were sampled. Two plots were located on the stem and 11 in the crown.

The locations of the two stem plots were predefined: the first plot included the whole

circumference of the stem from the ground up to 0.5 m, including major roots if they were

above the soil surface. The top of the second plot was located at the base of the lowest big

branch and the plot extended 0.75 m downwards along the stem, again including the whole

circumference of the stem. The two plots did not overlap on any sampled tree. On average,

the lowest big branch was at a height of 2.6 m (± 1.2 SD). Frequently, the lower part of the

trunk (around 1 m height) was affected by mechanical disturbance from cattle, which led

to almost bare bark and only a few bryophytes and lichens. In most cases, all species

present on the stem were included in these two plots. The plots in the crown were semi-

selectively placed in four different microhabitats: two rectangular plots were placed in the

major crutches of the tree. The size of these plots varied according to the anatomy of the

crutch. Three plots were placed on the largest branches available (including the stem

within the crown), three on branches with an intermediate thickness, and three on thin

branches in the outer crown. The length of all branch plots was 0.6 m and for each plot the

whole circumference of the branch was examined. The diameter of the largest branches

ranged from 9.5 to 73.2 cm (26.6 ± 10.8, mean ± SD), that of intermediate branches

ranged from 3.8 to 19.1 cm (8.3 ± 2.6), and that of the thin branches ranged from 1.4 to

4.1 cm (2.7 ± 0.5). To assess these latter plots, thin branches were cut using a 6 m long

telescopic tree pruner. To assess the other plots, which were inaccessible from the ground,

tree climbing techniques were applied. Within each plot, the presence of all bryophyte

species was recorded. Bryophyte species that could not be identified in the field, as well as

all lichen species, were collected and examined in the lab. The main focus of the study was

on the diversity of bryophytes, with the objective of maximizing the number of bryophyte

species recorded for each tree. The sampling strategy was as follows: first, the two stem

plots were surveyed. Then, the tree was climbed and plots were placed in the four

microhabitats in the crown so that additional bryophyte species were represented in the

plots. If no additional bryophyte species could be found in one of the crown microhabitats,

we tried to cover the structural and ecological variability of the corresponding microhabitat

with the remaining plots. Dead parts of the tree were excluded from sampling.

By applying this sampling method, we aimed to obtain a list of bryophyte species per

tree that was as complete as possible. Preliminary tests and field observations showed that

we most likely formed a nearly complete list of bryophyte species per tree. Because we

focused on the bryophytes to locate the plots in the tree crown, lichens were most likely not

as completely sampled as bryophytes. However, since the two stem plots were chosen at

predefined places, i.e. without any preference for species occurrences, lichen and bryo-

phyte species richness on the stems allows an unbiased comparison of the diversity of the

two groups. Moreover, we estimated how many additional species were found in the

crown. For lichens, this probably represents a lower bound estimate.
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Nomenclature and definition of species groups

The nomenclature for bryophytes followed Hill et al. (2006) and Söderström et al.

(2002, 2007). The nomenclature for lichens followed Clerc and Truong (2012) and, for

species not included in that publication, Wirth et al. (2013) and Saag et al. (2009). Species

belonging to taxonomically difficult species groups were treated as aggregates (see

Table S2 in Online Resource 1).

Species were classified into two groups: epiphytes, i.e. species that preferably grow on

the bark of living trees or shrubs in the study area, and non-epiphytes which in fact are

facultative epiphytes that usually prefer other substrates. Classifications were based on

Clauzade et al. (1985), Frahm and Frey (1992), Nebel and Philippi (2000, 2001, 2005),

Ignatova and Ignatov (2011) and Wirth et al. (2013) and on our field experience from the

study region.

Red-listed species were defined as species with a Red List status of critically endan-

gered (CR), endangered (EN) or vulnerable (VU) (IUCN 2001) according to Schnyder

et al. (2004) for bryophytes and Scheidegger et al. (2002b) for lichens. Species which are

not listed in these publications remained unclassified and were not treated as red-listed

species. We chose to use only the Swiss Red Lists because they were the only ones

available that both applied the new IUCN criteria (IUCN 2001). Furthermore, the Alps

make up a large part of Switzerland’s area. Switzerland’s bryophyte and lichen flora is thus

expected to be representative for the study region.

Analyses

Data were analysed using R, version 3.1.3 (R Core Team 2015). The analyses were

performed with two datasets: the full dataset including all species and a reduced dataset

including only the epiphytes. To test the efficiency of the sampling design and to estimate

the extent to which it covered the total species richness of the two groups, we calculated

species accumulation curves. For each tree, we calculated 50 accumulation curves by

randomly adding the 11 crown plots to the two stem plots. To evaluate how completely we

sampled lichen and bryophyte species richness, we calculated then mean accumulation

curves.

The proportion of species recorded on the stems and only in the crowns were analysed at

the tree level, the site level and the regional level (all 80 trees from all sites). To calculate

species richness at the site level, we merged the records from the 12 trees per site. For RB

and Meniggrund (MG), sites where we examined 16 trees, we took the mean value of 50

random selections of 12 trees without replacement. We further calculated species accu-

mulation curves by randomly adding trees considering all plots on the trees, the stem plots

only and the crown plots only. For each accumulation curve, we used 200 random per-

mutations of the trees. The comparison of these accumulation curves between bryophytes

and lichens and between all species and epiphytes provided an indication of the importance

of sampling the crown to obtain a reasonable estimate of the species richness of these

groups on the trees. To test for differences in the number of bryophyte and lichen species

on the stem we used a paired-sample t test (two-tailed).

To analyse the relationship between the number of species recorded only in the crowns

and the number of species on the stems, we applied linear mixed effects models (LMER,

Bates et al. 2015) with study site as a random intercept factor. The number of species on

the stem and a set of tree parameters and environmental variables were considered as fixed
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factors. As tree parameters we chose DBH, log-transformed volume of the crown, and

phenological age. As environmental variables we chose altitude a.s.l., mean annual pre-

cipitation, sradyy and log-transformed distance to the next river. All predictors, except

phenological age, were continuous. Mean annual precipitation was derived from a 100 m

grid interpolated with the algorithm following Zimmermann and Roberts (2001) from the

1950–2000 means of the WorldClim data (Hijmans et al. 2005). For the sampled trees,

altitude a.s.l. ranged from 1048 to 1529 m, mean annual precipitation from 965 to

1563 mm, sradyy from 9964 to 22,360 kJ m-2 day-1 and distance to the next river from 2

to 3330 m.

We tested for collinearities between all predictors and found that altitude and mean

annual precipitation were highly correlated (Spearman’s rho[0.7). We chose to exclude

mean annual precipitation from the analyses because we had precise measurements of

altitude but only extrapolated values for precipitation. Although our field experience and

the selection of the plots allowed us to sample a nearly complete bryophyte species list per

tree, we are aware that the lichen species list might have remained incomplete. Therefore,

for lichens we also included the log-transformed area sampled in the crown as a fixed

factor in the model. Furthermore we included all two-way interactions between the number

of species on the stem and each of the other predictors in the models. After fitting these

initial models, we applied the ‘step’ function of the ‘lmerTest’ package in R (Kuznetsova

et al. 2015). This function performs automatic backward elimination of non-significant

effects (we retained the random factor site and used p C 0.05 for fixed factors). The

p values were calculated from F statistics based on Sattethwaite’s approximation of

degrees of freedom (Kuznetsova et al. 2015). The final models were evaluated with

t statistics based equally on Sattethwaite’s approximation for denominator degrees of

freedom for the fixed factors and with likelihood ratio test CHI2 statistics for the random

factor site (Kuznetsova et al. 2015). Visual inspection of residual plots did not reveal any

obvious deviation from homoscedasticity or normality and Cook’s distances revealed no

outliers.

The crown preference of species (i.e. whether the species was more frequent in crowns)

was calculated as the number of trees where the species was recorded in the crown divided

by the total number of trees where the species was found. The significance of this pro-

portion was tested with Fisher’s exact test.

Results

Total number of species

In total we recorded 388 species, including 161 bryophytes and 227 lichens. Forty bryo-

phyte species and 199 lichen species were epiphytes. Ten bryophyte species (7 were

epiphytes) and 39 lichen species (all were epiphytes) were red-listed species (see complete

species list in Table S3 in Online Resource 1).

The number of bryophyte species per tree ranged from 13 to 60 (28.2 ± 8.7,

mean ± SD) and that of epiphytes ranged from 9 to 26 (16.3 ± 3.2). The number of lichen

species per tree ranged from 25 to 67 (43.9 ± 7.3) and that of epiphytes ranged from 24 to

63 (34.0 ± 6.9; Fig. 2). Considering bryophytes and lichens together, the number of

species per tree ranged from 42 to 104 (72.0 ± 10.8).
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The number of red-listed bryophyte species per tree ranged from zero to four species per

tree (1.5 ± 0.9; for epiphytes: 1.4 ± 0.9). The number of red-listed lichen species ranged

from zero to seven species per tree (2.5 ± 1.7, all were epiphytes; Fig. 2).

The mean accumulation curves per tree were different for bryophytes and lichens.

While the curves clearly flattened for bryophytes, indicating that bryophyte sampling was

Fig. 2 Bryophyte and lichen species richness per site and tree. Bars indicate species numbers per site while
boxplots indicate species numbers per tree within sites. White: all species, grey: only epiphytes; dashed bars
with numbers: number of red-listed species. RB Reichenbachtal (Bern, CHE), MG Meniggrund (Bern,
CHE), GA Grosser Ahornboden (Tyrol, AUT), WF Wanker Fleck (Bavaria, DEU), GN Gnadenalm
(Salzburg, AUT), GT Glemmtal (Salzburg, AUT)

Fig. 3 Species accumulation curves for bryophytes and lichens in relation to the number of crown plots.
The curves represent the mean of 80 curves (one for each tree). The curves for each tree were calculated as
the mean of 50 accumulation curves, which were derived by randomly adding the 11 crown plots to the two
stem plots. Solid lines: all species, dashed lines: only epiphytes; S: number of species on the stem
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close to complete, this was much less the case for lichens (Fig. 3). The addition of the 11th

(=last) crown plot increased the number of bryophyte species by 0.30 (epiphytes by 0.23),

whereas it increased the number of lichen species by 1.23 (epiphytes by 1.13).

Interestingly, the two stem plots combined included more bryophyte than lichen species

(p = 0.031). However, when only epiphytes were considered, lichens had a higher species

richness on the stems than bryophytes (p\ 0.000). Thus, the contribution of non-epiphytes

to the diversity on the trees was higher for bryophytes than for lichens. For both bryophytes

and lichens, the proportion of epiphytes increased by adding crown plots to the two stem

plots (Fig. 3).

Additional diversity in the crown

At the tree level, an average of 20.2 bryophyte and 17.3 lichen species were recorded on

the stem compared to 28.2 and 43.9 species on the whole tree. The tree crown thus

contributed a large number of species, more pronounced so for the lichens. The same was

true when considering the epiphytes only (Fig. 4, see Table S4 in Online Resource 1 for

numbers of epiphytes only). At the tree level, the bryophyte species recorded only in the

crown accounted on average for 29.1 % of the bryophyte diversity of the whole tree

(Fig. 5; see Table S4 in Online Resource 1 for numbers of epiphytes only). For lichens,

this percentage was much higher (60.7 %). At the site level, the difference between

bryophytes and lichens was even more pronounced (9.3 vs. 42.4 %) and at the regional

scale where all 80 trees were considered together, only 3.7 % of the bryophyte species but

still 33.9 % of the lichen species were never recorded on the stems. The cumulative species

numbers in the different sections of the trees revealed considerable differences between

bryophytes and lichens (Fig. S3 and S4 in Online Resource 1). For bryophytes, the number

of species recorded only in crowns decreased with an increasing number of sampled trees.

The continuous increase in the total species number was mainly caused by non-epiphytes

Fig. 4 The number (mean ± SE) of bryophyte and lichen species found on the whole tree surface and on
the stem, and the number of species recorded only in the crown. White all species, grey only epiphytes

Biodivers Conserv (2016) 25:1605–1624 1613

123



recorded on the stems. For lichens, the number of species recorded only in crowns

increased with an increasing number of sampled trees. The continuous increase of the total

species number was therefore mainly caused by epiphytes.

Relationship between additional diversity in the crown and diversity
on the stem

Number of bryophyte species recorded only in the crown was negatively related to the

species recorded on the stem and decreased by 0.24 species with each additional stem

species (Table 1; Fig. S5 in Online Resource 1). Phenological age was the most important

variable (highest t-value). The number of species recorded only in the crown was higher on

phenologically old than on young trees and decreased at higher altitudes.

The number of lichen species recorded only in the crown decreased by 0.52 with an

increase of one species recorded on the stem (Table 1; Fig. S5 in Online Resource 1). This

effect was highly significant and was the most important of the three fixed factors retained

in the final model. Furthermore, the number of species recorded only in the crown was

negatively related to DBH but was higher on phenologically old trees compared to young

trees.

Crown preference and red-listed species

Most bryophytes (98 out of 161 species) were recorded only on stems (Fig. 6). Thirty-one

species were observed more often in crowns and 14 species were significantly more

frequent in crowns than on the stems (Fisher’s exact test, p\ 0.05). Five out of 10 red-

listed species were more frequent in crowns, and this difference was significant for the two

species Ulota coarctata and Orthotrichum rogeri. The threatened moss Tayloria rudol-

phiana was recorded six times in the crown and just once on the stem.

Fig. 5 Proportion (mean ± SE) of bryophyte and lichen species recorded only in tree crowns at three
spatial levels: a tree, b site (12 trees), and c region (all 80 trees from all sites). White all species, grey only
epiphytes

1614 Biodivers Conserv (2016) 25:1605–1624

123



In contrast to the bryophytes, only 36 out of 227 lichen species were recorded only on

stems (Fig. 7). One hundred fifty-one species were observed more often in crowns, and 62

species were significantly more frequent in crowns than on the stems. Twenty-nine out of

39 red-listed species were more frequent in crowns, and this difference was significant for

the seven species Buellia erubescens, Hypogymnia vittata, Nephromopsis laureri,

Ochrolechia pallescens, O. szatalaensis, Pachyphiale fagicola and Thelenella modesta.

Discussion

Total number of species

With a mean of 72 species (28 bryophytes ? 44 lichens) per tree the number of bryophytes

and lichens was larger than expected. This large number was particularly astonishing since

we optimized the sampling strategy only for bryophytes and not for lichens. Species

numbers reported here for lichens are thus lower-bound estimates. Comparable studies of

whole trees in similar climates are scarce. Boch et al. (2013a) surveyed beech, spruce and

Table 1 Results of the linear mixed effects model analyses for the number of bryophyte and lichen species
recorded only in the tree crown. All fixed factors are continuous variables, except phenological age (two-
level factor, young vs. mature trees). Tests on the random factor site were performed with CHI2 statistics and
corresponding p values were derived by means of likelihood ratio tests. Fixed factors were tested with
t statistics based on Satterthwaite approximation for denominator degrees of freedom (df). # p\0.1, * p\
0.05, ** p\ 0.01, *** p\ 0.001

Bryophyte species recorded only in the tree crown

Random factor Variance SD CHI df CHI2 p

Site 0.783 0.885 1 3.833 0.050#

Residual 3.926 1.981

Fixed factors Estimate SE df t p

Intercept 15.600 3.719 47.1 4.194 0.000***

No. species on stem -0.245 0.112 66.1 -2.192 0.032*

Phenological age (mature) 2.108 0.610 75.9 3.457 0.001***

Altitude (km a.s.l.) -6.312 2.668 32.4 -2.366 0.024*

Lichen species recorded only in the tree crown

Random factor Variance SD CHI df CHI2 p

Site 6.691 2.587 1 7.058 0.008**

Residual 28.343 5.324

Fixed factors Estimate SE df t p

Intercept 35.087 2.781 58.1 12.618 0.000***

No. species on stem -0.522 0.094 74.8 -5.584 0.000***

DBH (m) -9.199 2.450 75.6 -3.754 0.000***

Phenological age (mature) 5.680 1.862 74.2 3.051 0.003**
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pine trees in managed forests of temperate Europe. They similarly applied an extensive

sampling design and found a mean of 6.0 bryophyte and 11.2 lichen species per tree. In

other studies, more species were found per tree but the numbers still did not reach the

lichen and bryophyte species richness reported here. For example, in a study of various tree

species in a boreal forest in Wisconsin (United States), Hale (1952) found a maximum of

12 bryophyte (on elm and sugar maple) and 33 lichen (on red maple) species per tree. In a

study conducted in an Estonian boreal forest, Marmor et al. (2013) found a mean of 41 and

34 lichen species on spruce and pine trees, respectively. Fritz (2009) studied European

beech trees in a forest in southern Sweden and recorded between 14 and 55 species per

tree, considering bryophytes and lichens together. In other climate zones, such as the

tropics and subtropics, far more species per tree can be found (e.g. Sillett et al. 1995;

Aptroot 1997; Romanski et al. 2011). The following factors most likely contributed to the

high species numbers revealed by our study: (a) the sampling was extensive, with plots in

all available microhabitats; (b) many of the trees we surveyed were old trees, which are

known to be rich in epiphytic species (Vanderpoorten et al. 2004; Ranius et al. 2008; Fritz

et al. 2009a); (c) the humid environment, which is known to promote the diversity of

epiphytes (Heylen et al. 2005; Hylander et al. 2005) and which, in the case of bryophytes,

allows many species that otherwise prefer different substrates (e.g. soil or rocks) to grow as

epiphytes (Van Reenen and Gradstein 1983, pers. obs.); (d) in the study region the intensity

of atmospheric pollutants, which caused a strong decline in epiphytic species richness in

large parts of Europe, was never strong (e.g. Herzig and Urech 1991; ApSimon et al. 1994;

Mylona 1996; Frahm 1998; van Herk 2001) and (e) light levels around solitary trees are

higher than the ones around forest trees. The positive effect of light on epiphyte species

Fig. 6 Crown preference of bryophyte species on 80 sycamore maple trees. The crown preference was
calculated as the number of trees where the species was recorded in the crown divided by the total number of
trees where the species was found. Black symbols indicate species that were significantly (p\ 0.05) more
frequent in tree crowns. Triangles indicate species with Red List status CR, EN or VU and dots indicate
species with status NT, LC or NE
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richness has been reported in several studies (e.g. Barkman 1958; Löbel et al. 2006; Ellis

2012).

Additional diversity in the crown

At the tree level, a large proportion of species was recorded exclusively in the crown. This

was especially true for lichens, for which more than 60 % of the species were confined to

the crown when considering a single tree. Similarly, Boch et al. (2013a) found that the

proportion of species found exclusively in the crown was markedly higher for lichens than

for bryophytes. Further, in a study of the vertical distribution of lichens on coniferous trees,

Marmor et al. (2013) found that more than 60 % of lichen species were confined to the tree

crown. In contrast, in a study of eight crustose lichen species on oak trees in Sweden,

Johansson et al. (2010) found that the detection probability was high when only the lowest

2 m were surveyed. However, the species that they considered (e.g. Calicium viride)

typically prefer the fissured bark of old trees and are thus more likely to be adequately

sampled on the lower parts of tree stems.

When only epiphytes were considered in our study, the proportion of bryophyte species

recorded only in crowns was markedly higher compared to the total species numbers (29.1

vs. 41.7 %). This increase is linked to the fact that, on average, almost half of the bryo-

phyte species on a tree were non-epiphytes recorded mainly at the tree base (e.g. ground

dwelling species such as Plagiomnium rostratum and Thuidium assimile). These species

thus masked the vertical distribution pattern of the epiphytes. Similarly, Fritz (2009)

Fig. 7 Crown preference of lichen species on 80 sycamore maple trees. The crown preference was
calculated as the number of trees where the species was recorded in the crown divided by the total number of
trees where the species was found. Black symbols indicate species that were significantly (p\ 0.05) more
frequent in tree crowns. Triangles indicate species with Red List status CR, EN or VU and dots indicate
species with status NT, LC or NE
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reported that ground dwelling bryophyte species contributed substantially to the diversity

at tree heights of 0–2 m.

Increasing the number of sampled trees rapidly reduced the proportion of bryophyte

species recorded only in the crowns. In contrast, more than 30 % of the lichen species were

found exclusively in the crowns when all 80 trees were considered together, and the

accumulation curve of these exclusive crown species continued to ascend. These results are

in agreement with those of Boch et al. (2013a), who found very similar numbers. The main

reason for these findings is the general distribution pattern of bryophytes and lichens on

trees. Usually, bryophytes are more abundant in the lower parts whereas lichens are more

abundant in the upper parts of trees (e.g. Jarman and Kantvilas 1995; McCune et al. 1997;

Milne and Louwhoff 1999; Hilmo et al. 2013). Lichens are generally better adapted to the

rather extreme climate of the outer crown (high light levels and thus higher temperatures

and correspondingly faster drying). Most epiphytic lichens are light-demanding species,

and their desiccation tolerance and poikilohydric strategy enable them to cope with the

very dry conditions that occur frequently in the outer crown (Barkman 1958; Kranner et al.

2008).

For bryophytes the different sampling strategies applied on the stem (predefined plots)

and in the crown (mostly selective plots) might have biased our results towards crown

habitats. However, we are confident that this bias is very small because we observed that in

most cases all species present on the stem were included in the two stem plots. Moreover,

due to the restricted accessibility of some parts of the crown, single bryophyte species

might also have been missed there, e.g. on thin branches of the outer crown.

Relationship between additional diversity in the crown and diversity
on the stem

A negative relationship between the number of additional crown species and the number of

species on the stem was found for bryophytes and for lichens. The additional diversity in

the crown was also influenced by tree parameters and environmental variables. The neg-

ative relationship between the number of species on the stem and the additional crown

species may be explained by species that usually occur in the crowns but can also exist on

the stem if conditions are suitable there. The occurrence of these species on the stem may

be driven by environmental conditions and microhabitat availability on the stem. For

example, Barkman (1958) reported vertical shifts in epiphyte vegetation zones and in the

presence of single species that were caused by altered environmental conditions. The

negative relationship detected between DBH and the number of additional lichen species

may be caused by a species-area relationship. Generally, the available bark area on the

stem is by far smaller than the bark area in the crown (Sillett and Antoine 2004), which

may limit the number of generalist species (=species able to grow on the stems and in the

crowns) on the stem. If there is more area available on the stem, more generalist species

may be found there. In contrast, Boch et al. (2013a) found a positive relationship between

DBH and the number of additional crown species. However, they studied forest trees where

species diversity on the stem may be limited by low light levels (Barkman 1958; Löbel

et al. 2006; Ellis 2012). Moreover, the relations between environmental variables, number

of stem species and the additional crown species might differ among regions and tree

species. At the moment, it seems difficult to compare the results of different diversity

assessments and to generalize the results. Clearly, more studies including different forest

types and tree species are needed.
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However, our findings indicate that the diversity detected on the stem does not nec-

essarily reflect the total diversity on the tree. Consequently, diversity assessments per-

formed only on stems cannot be transferred to the tree level, even when many stems of a

site are investigated. Similarly, in a study conducted on Norway spruce in Estonia, the

diversity of lichens on the lower 2 m was not significantly correlated with the total

diversity of the trees (Marmor et al. 2013). In contrast, the same study revealed a strong

positive relationship between the diversity of lichens in the lower 2 m and the total

diversity on pine trees, but this may be partly due to the non-independence of the two

variables and should be interpreted with caution.

Crown preference and red-listed species

Most lichen species on the trees studied here were epiphytes and were more frequent in the

crowns than on the stems. In contrast, most bryophyte species were non-epiphytes and

recorded predominantly on the stems. The much higher specialization of lichens to tree

crowns than of bryophytes is a well-known phenomenon (e.g. Hale 1965; McCune et al.

1997; Milne and Louwhoff 1999; Coote et al. 2008; Fritz 2009) explained by the vertical

changes in microclimate and the differing ecological requirements of bryophytes and

lichens (Barkman 1958; Coote et al. 2008; Fritz 2009). The tree base is strongly influenced

by the environmental conditions of the soil (generally high humidity) and is usually

dominated by bryophyte species (Barkman 1958), whereas lichens are more capable of

coping with the low and more variable humidity in the crown (Barkman 1958; Pearson

1969). However, the occurrence of lichen species on stems is strongly influenced by tree

age: a large number of lichen species (e.g. Buellia erubescens, Lecanora pulicaris) are

early colonizers of stems of young trees. With an increasing stem diameter and a con-

tinuous change in bark structure and chemistry, this initial lichen community gradually

moves upwards on the stem and colonizes branches and twigs. With increasing tree age,

more and more bryophytes settle on the stem and on thick branches (Barkman 1958; Sillett

and Antoine 2004; pers. obs.). The rough and cracked bark on older parts of a tree has a

higher water capacity and favours the establishment of a high bryophyte coverage

(Barkman 1958; Fritz et al. 2009b; Fritz 2009).

Many red-listed lichen species were recorded only in the crowns. This finding highlights

the importance of the crown as lichen habitat and has implications for biodiversity surveys

and Red List assessments. It seems possible that at least some crown specialists are

considered to be rare because of the biased sampling method that is normally used. If tree

crowns are not sampled, it seems likely that frequency estimates of a number of species are

biased, which could lead to an underestimation of the number of individuals and eventually

to an overestimation of extinction risks. However, it is likely that species considered crown

specialists on the trees examined in our study also occur on stems of sycamore maple trees

with thinner stems, on other tree species or on the twigs of shrubs. For example, the lichens

Ochrolechia pallescens (EN) and Menegazzia terebrata (VU), which were more frequent

in crowns in our study, are usually found on stems where they prefer smooth or only

slightly rough bark (Wirth et al. 2013). On the other hand, the special ecology of the tree

crown makes it a distinct habitat that is essential for specialist species (Barkman 1958).

Furthermore, the longer time interval available for arrival and establishment might favour

the occurrence of rare species in tree crowns of old trees. The lichen Lobaria amplissima

(EN), for example, is known to grow mainly in the crowns of old trees (Wirth et al. 2013).

In addition, the beard lichens Usnea florida (EN), U. glabrescens (VU) and U. intermedia

(VU) are typical crown species (Wirth et al. 2013). Also several other studies found a
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positive relation between tree- or stand-age and the occurrence of red-listed species as well

as overall species richness of epiphytic bryophytes and lichens (Peterson and McCune

2001; Fritz et al. 2008; Fritz 2009; Jairus et al. 2009; Nascimbene et al. 2010; Marmor

et al. 2011; Boch et al. 2013a, b). E.g. Fritz (2009) studied the vertical distribution of

bryophytes and lichens on 16 fallen beech trees and found red-listed lichen species almost

exclusively on old trees, with more than half of them exclusively above 2 m.

In general, tree crowns seem to be less important for bryophytes than for lichens

because most of the bryophyte species were also found on the stems when all 80 trees were

considered. Nevertheless, some species were far more frequent in the crowns, such as the

moss Tayloria rudolphiana (VU), which preferably grows on large branches in the crown

of old sycamore maple trees in areas with high air humidity (Grims 1999; Weddeling et al.

2005; Hofmann et al. 2006) and light demanding pioneers like Orthotrichum rogeri (VU).

This latter species has relatively high light requirements but also needs some shelter (Lüth

2010). This combination of conditions can be found in the upper part of tree crowns, where

this species has frequently been found in recent years (this study, pers. obs., Lüth 2010).

Both T. rudolphiana and O. rogeri are listed in the habitats directive of the European

Union (FFH, appendix II) as species of conservation concern (Council of the European

Commission 1992), highlighting the high nature conservation value of the studied trees and

the importance of considering tree crowns in addition to stems.

Conclusions

Our findings underline the need to include tree crowns in diversity assessments of bryo-

phytes and lichens. For bryophytes, sampling several stems can give a good estimation of

the species present at a particular site. However, frequency estimates may be highly biased

for lichens and bryophytes if the crowns are not considered in diversity assessments.

Crowns represent key habitats, particularly for light demanding pioneers and for highly

specialized, often rare and threatened epiphytes. For such species, tree crowns comprise the

major part of the potentially colonizable surface area and should be considered more

intensively in future revisions of Red Lists. Moreover, the study emphasizes the high

conservation value of old trees for cryptogam diversity.
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Löbel S, Snäll T, Rydin H (2006) Species richness patterns and metapopulation processes—evidence from
epiphyte communities in boreo-nemoral forests. Ecography 29:169–182. doi:10.1111/j.2006.0906-
7590.04348.x
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