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the fact that bryophytes are abundant in all biomes world-
wide (e.g. Werger and During 1989; Longton 1997; Grad-
stein et al. 2001; Bates et al. 2005), and are very important 
as determinants of wetlands functioning throughout the 
world (Gorham 1991). A better trait-based understanding of 
the functioning of these organisms and their role in ecosys-
tems is urgent.

Although some research efforts have been taken to 
develop the concept of bryophyte traits (Cornelissen et al. 
2007; Waite and Sack 2010; Deane-Coe and Stanton 2017), 
the functional trait framework remains difficult to apply to 
bryophytes. Most bryophytes have clonal or colonial life-
forms (Bates 1998, for instance, classifies them into tufts, 
cushions, dendroids, mats, wefts, fans and pendants), which 
constitute their actual ecologically functional units – more 
than individual shoots (e.g. Bates 1998; Elumeeva et al. 
2011; Michel et al. 2012; Rice et al. 2014). Traits of colo-
nies, rather than traits of shoots, are more relevant predictors 
for bryophyte strategies related to habitat water availability, 
because of the large dependence of bryophytes on tran-
sient external water supply (Bates 1998; Proctor 2000). For 
instance, denser cushions are able to retain more water in the 
capillary spaces created between shoots (e.g. Rice 2012). In 

Introduction

The last two decades have seen a lot of research effort 
being put into the quantification of interspecific variation in 
functional traits of vascular plants. This has resulted in the 
inference of important trade-offs and relationships between 
morphology and physiology of vascular plants (e.g. Grime 
et al. 1997; Craine et al. 2001; Wright et al. 2004; Diaz et 
al. 2016) and of the relationships between the community-
weighted composition of plant traits and functioning of eco-
systems (e.g. Garnier et al. 2004; Violle et al. 2007; Bardgett 
et al. 2014). However, these advances in plant trait research 
have largely ignored bryophytes (but see: Lang et al. 2009; 
Soudzilovskaia et al. 2013; Lett et al. 2017). This is despite 
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Abstract
The aim of this study was to understand the variation in traits relevant for desiccation avoidance among bryophyte spe-
cies dominant in rich fens and to assess whether these traits explain the formation of a hummock-hollow gradient within 
peatlands. In samples of 10 species (Aulacomnium palustre, Calliergonella cuspidata, Climacium dendroides, Hamato-
caulis vernicosus, Helodium blandowii, Marchantia polymorpha, Plagiomnium ellipticum, Sphagnum teres, S. warnstorfii, 
Tomentypnum nitens) collected in rich fens of NE Poland, we calculated: canopy bulk density of wet (CDW) and dry 
(CDD) colonies, maximum water content of bryophyte colonies (WCmax), desiccation rate (K), shoot area index (SAI), 
canopy dry mass per surface-projected area (CMA), and specific leaf area of a whole living bryophyte part (SLA). The 
hummock-forming frequency was quantified for each species in the field. Sphagna had the highest WCmax, SAI and CDW, 
T. nitens and C. dendroides had the lowest WCmax and SLA, P. ellipticum had the highest K, the lowest CMA and CDD. 
Hummock-forming frequency was positively correlated with CMA and generally negatively related to K, with exception 
of H. vernicosus showing a high water-retaining ability (low K) despite a hollow or lawn form of growth.
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addition, the laminar boundary layer saturated with water 
vapour that is formed above the relatively smooth surfaces 
of dense cushions allows lowering the rate of evaporation 
(i.e. minimise water loss) as compared to rougher, irregular 
colonies (Proctor 1981, 2000; Bates 1998).

In bryophyte-dominated peatlands, the pattern of hum-
mocks, hollows and lawns formed by different bryophyte 
species creates a diversity of microhabitats affecting the 
overall biodiversity and ecosystem processes. Also, key 
feedback mechanisms in the functioning of many mire eco-
systems are mediated by bryophytes – here especially the 
process of hummock formation by Sphagna has received 
much attention (e.g. Granath et al. 2010). All Sphagnum 
species have morphological adaptations which help them 
to avoid desiccation (Vitt et al. 2014), but the level of 
desiccation avoidance is higher in hummock than in hol-
low Sphagnum species due to the higher density of stems, 
branches and leaves (e.g. Li et al. 1992; Rydin et al. 2006; 
Hájek and Beckett 2008; Hájek 2014; Hájek and Vicherová 
2014; Weston et al. 2015). Hummock bryophytes tend to 
destabilize open fen mires, enhancing their shifts to bogs 
and woodlands – this process has been attributed to the cat-
ion exchange mechanism resulting in enhanced acidification 
but also to fostering the establishment of shrubs and trees, 
which results in increased evapotranspiration and subse-
quent drainage of the mire (Rydin and Jeglum 2013). On the 
other hand, hummock bryophytes, due to their high ability 
to avoid desiccation and low decomposability, may stabi-
lize bogs or poor fens by keeping the upper peat layer moist 
and slowing down its decomposition (Turetsky et al. 2012). 
Hummocks may also preserve microhabitats for rare plant 
species in open fens (e.g. Carex dioica, Liparis loeselii, 
Parnassia palustris), providing for them a shelter against 
light competition and flooding (Kotowski et al. 2013).

While functional traits of Sphagna have been relatively 
well studied in relation to mire functioning (Hájek 2014 
and references therein), far less is known in this respect 
about brown mosses, many of which form hummocks as 
well and can be hypothesised to trigger ecosystem shifts in 
rich fens. Soudzilovskaia et al. (2010) shed light on how 
brown mosses feature a high cation exchange capacity, 
similar to Sphagna, whereas Soudzilovskaia et al. (2013) 
demonstrated that thermal conductivity and heat capacity in 
brown mosses is related to their moisture content, the latter 
being able therewith to impact peat temperature and decom-
position. Furthermore, Goetz and Price (2015) proved that 
both hummocks of Sphagna and Tomenthyphnum nitens 
enhance the capillary rise of water, resulting in desiccation 
avoidance.

The overall aim of our study was to enhance the inclu-
sion of bryophytes in functional diversity analyses of mire 
ecosystems and to measure variability of water-related traits 

of the analysed dominant rich-fen bryophyte species. Our 
second, more specific, objective was to match the diversity 
in traits of the species with their hummock formation fre-
quency. We hypothesised that the traits having a key rela-
tionship with the avoidance of desiccation necessary for 
hummock formation (and therefore evident in species that 
frequently form hummocks) are: (1) maximum water con-
tent, determining the ability to retain water in the colony, (2) 
canopy mass per area, describing how compact the colony is 
and (3) traits related to the large total leaf area in the colony, 
indicating the size of the water storage space outside the 
moss tissues.

Materials and Methods

Analysed Species and Sampling

We analysed traits of ten fen bryophytes: Aulacomnium 
palustre (Hedw.) Schwägr., Calliergonella cuspidata 
(Hedw.) Loeske, Climacium dendroides (Hedw.) F.Weber & 
D.Mohr, Helodium blandowii (F.Weber & D.Mohr) Warnst., 
Hamatocaulis vernicosus (Mitt.) Hedenäs, Marchantia 
polymorpha L., Plagiomnium ellipticum (Brid.) T.J.Kop., 
Sphagnum teres (Schimp.) Ångstr., Sphagnum warnstorfii 
Russow, Tomentypnum nitens (Hedw.) Loeske. The spe-
cies nomenclature follows Hill et al. (2007). The selected 
species are dominant in the bryophyte community of open 
rich fens in NE Poland. Samples were collected by hand 
from relatively monospecific (containing < 5% of non-tar-
get species) stands in the region of Augustów Forest (NE 
Poland): Rospuda valley (E 22.954°, N 52.904°), Bor-
suki (E 23.312°, N 53.900°) and upper Biebrza valley (E 
23.330°, N 53.733°). All the three sites host well-preserved 
low-productive brown moss-sedge vegetation with species 
like Carex lasiocarpa, C. rostrata, Equisetum fluviatile, 
Menyanthes trifoliata dominating the herb layer. We cut 
intact patches (c. 10 cm x 10 cm) from five colonies of each 
species (from different sites or from distant locations within 
one site; samples of each species were collected at two of 
the three sites mentioned above). The collected bryophyte 
samples included both fresh green shoots and ca. 1 cm of 
their brown basal parts. Consequently, the sample height 
varied and corresponded to the thickness of the living bryo-
phyte layer (Fig. A1 in Appendix 1).

The bryophyte samples analysed in this study are depos-
ited in the herbarium of the Faculty of Biology at the Uni-
versity of Warsaw. The samples received accession numbers 
from WA71259 to WA71308.
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Assessing Hummock-Forming Frequency

For each species, we counted the share of colonies forming 
hummocks which were defined as mounds elevated at least 
10 cm above the level of a neighbouring hollow or a moss-
lawn surface (Fig. A2 in Appendix 2). We laid a circular 
path within a radius of 2 m around each of the five colonies 
of a species sampled for ex-situ measurements (the length 
of each path was c. 12.57 m). We noted whether the species 
(sampled in the middle) was present and whether it formed a 

hummock at every step (c. 50 cm) along a circular path. The 
hummock-forming frequency was calculated as the percent-
age of hummocks formed by the species in all records of the 
species within five circles (Fig. A3 in Appendix 2).

Measurements of Traits of Bryophytes

In the collected samples from bryophyte colonies we care-
fully removed all shoots of non-target species to reduce 
their abundance to < 1% while retaining an intact structure 
of a colony as far as possible. We placed the samples in plas-
tic pots and immersed in tap water. After allowing the sur-
plus water to leak down, we measured the following in each 
water-saturated sample: the volume, the surface-projected 
area and the mass. All samples were then placed in an open 
greenhouse and their mass was measured twice a day until 
the weight of the sample was changing for less than 100 mg 
per day (about 0.2% of the original saturated mass). After 
14 days, the dry mass of samples was measured after drying 
them in an oven until constant mass. The treatment of moss 
samples used for the subsequent measurements followed the 
protocol proposed by Elumeeva et al. (2011) for moss colo-
nies (but see Table A1 in Appendix 3 for differences). Three 
species (A. palustre, P. ellipticum, T. nitens) were analysed 
in both studies. From the above-described measurements 
we calculated maximum water content of bryophyte colo-
nies (i.e. including both internal and external tissue water, 
WCmax), desiccation rate (K), canopy bulk density – wet 
(CDW), canopy bulk density – dry (CDD), canopy mass per 
area (CMA) (Table 1).

Additionally, we measured projected area of separate 
shoots (taken from each of the sampled bryophyte colonies) 
and their oven-dried mass. Shoot-projected area was mea-
sured following Bond-Lamberty and Gower (2007) with 
some modifications. We took green parts of several (10–25) 
dry shoots from each sample, watered them to full turgor, 
scanned them at 300 DPI using a flatbed scanner (CanoScan 
LiDE 110), then dried them in the oven at 70 °C until constant 
mass and then weighed them. Sphagnum branches were not 
separated before scanning. The TIFF images obtained from 
scanning were proceeded in Paint Shop Pro as follows: the 
blue channel (which allowed to best distinguish bryophytes 
from the background) has been extracted from the colour 
images and the histogram was extended in such a way that 
black (0) was set at 50, whereas white (255) was set at 190. 
We then established a threshold at level 155, checked the 
images for artefacts and if present, cleaned them on screen 
by hand. Finally, we automatically counted the number of 
pixels < 155. Projected shoot area was computed by divid-
ing the final image pixel count by the scan resolution in 
pixels per unit area. Following Bond-Lamberty and Gower 
(2007), we calculated specific leaf area (SLA), called so for 

Table 1  Functional traits measured in the study
Trait name Abbreviation Units Definition/explanation of 

the trait
maximum 
water 
content of 
bryophyte 
colonies

WCmax % of 
dry 
mass

water mass in a water-satu-
rated sample of bryophyte 
colony to dry mass of this 
sample

desiccation 
rate

K % of 
dry 
mass 
min− 1

 K = -b1, where b1 is the 
slope coefficient of a linear 
regression line of water 
content (% of dry mass) 
on time; linear regression 
models of water content 
on time (counting from the 
beginning to the end of the 
desiccation experiment) 
were calculated for each 
sample (see Fig. A5 in 
Appendix 4 for raw data 
plots)

canopy 
bulk den-
sity - wet

CDW mg 
cm− 3

mass of a water-saturated 
sample divided by a vol-
ume of the water-saturated 
sample (Elumeeva et al. 
2011)

canopy 
bulk den-
sity - dry

CDD mg 
cm− 3

mass of an oven-dried sam-
ple divided by a volume of 
the water-saturated sample 
(Waite and Sack 2010);

canopy 
mass per 
area

CMA g m− 2 mass of an oven-dried 
sample divided by surface-
projected area of the water-
saturated sample

specific 
leaf area

SLA cm2 
g− 1

projected-shoot area 
divided by shoot dry mass 
for brown mosses, and 
(projected-shoot area x 
π/2) divided by shoot dry 
mass for Sphagnum spe-
cies (Bond-Lamberty and 
Gower 2007)

shoot area 
index

SAI - total projected area of 
shoots in a sample (calcu-
lated as mass of an oven-
dried sample multiplied by 
SLA of shoots taken from 
this sample) divided by 
surface-projected area of 
the water-saturated sample
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Results

The mean maximum water content of bryophyte colo-
nies (WCmax) varied among the 10 analysed species from 
c. 760% for C. dendroides to c. 1500% for S. warnstorfii 
(Table A2 in Appendix 5). The mean CMA varied from c. 
530 g m− 2 for P. ellipticum to c. 1300 g m− 2 for S. teres 
(Table A2 in Appendix 5). SLA was the highest in P. ellipti-
cum and in both Sphagnum species and both Sphagnum spe-
cies had higher mean SAI than all non-Sphagnum species 
(Figs. 1 and 2). Looking at the results in terms of species 
trait characteristics, we found that Sphagnum species were 

consistency with other studies; however, it is, in fact, the 
specific shoot area (projected area of green (alive) parts of 
the shoots/dry mass of them) (Table 1). With use of SLA 
values, we calculated also shoot area index (SAI) (Table 1).

We compared species trait means with one-way ANOVA 
followed by the Tukey test, as well as using 95% confi-
dence intervals (CI) of the means (fractions for hummock-
forming frequency), which allowed for both qualitative 
and quantitative comparisons. Relations among traits were 
visualised using Principal Components Analysis in Canoco 
5 (Šmilauer and Lepš 2014) and checked for correlations 
using Pearson’s test.

Fig. 1  Mean values and 95% 
confidence intervals for means 
of functional traits (n = 5) of 
bryophytes (for hummock-
forming frequency – fractions 
and 95% confidence intervals 
for fractions). Mean values of 
traits differed in Tukey multiple 
comparisons (p < 0.05) for species 
not sharing the same letter (a, b, c 
…). AP – Aulacomnium palustre, 
CC – Calliergonella cuspidata, 
CD – Climacium dendroides, 
HB – Helodium blandowii, HV 
– Hamatocaulis vernicosus, MP 
– Marchantia polymorpha, PE 
– Plagiomnium ellipticum, ST – 
Sphagnum teres, SW – Sphagnum 
warnstorfii, TN – Tomentypnum 
nitens
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hummock-forming frequency and WCmax. H. vernicosus 
rarely formed hummocks despite similar functional traits, 
i.e. relatively high CWA and CDD and low K, to hummock-
forming species (Figs. 1 and 2).

related to high WCmax, SAI and CDW values, T. nitens and 
C. dendroides to low WCmax and SLA values, whereas P. 
ellipticum was distinguished by high values of K and low of 
CMA and CDD (Figs. 1 and 2).

Hummock-forming frequency was positively corre-
lated with CMA (R = 0.77, p < 0.05; Table 2) whereas CMA 
was negatively correlated with desiccation rate (R = 0.70, 
p < 0.05). Surprisingly, we detected no correlation between 

Fig. 2  PCA of species and their mean values of water balance traits. 
Refer Table 1 for traits abbreviations. PCA centred and standardized 
by traits, 1st and 2nd axes shown, explained variation: 1st axis – 47.7, 
2nd axis – 35.7, 3rd axis – 11.1, 4th axis – 3.8. Size of circles indicates 

hummock-forming frequency of the species which was projected as 
supplementary variable in the analysis. For species abbreviations refer 
to Fig. 1. The dashed lines surround the groups characterised in Fig. 3
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with relatively large and thin leaves loosely placed at the 
stem. This is consistent with the findings of Waite and Sack 
(2010), that bryophyte leaf area is negatively correlated 
with canopy bulk density (our CDD trait).

The desiccation rate (K) is relatively unaffected by initial 
differences in WCmax. Unlike WCmax, the K index calculated 
from our data for A. palustre and T. nitens was similar to 
that calculated from data of Elumeeva et al. (2011), which 
was denoted by overlapping 95% confidence intervals (Fig. 
A4 in Appendix 3). We found differences for P. ellipticum, 
which may be due to a different morphology of this spe-
cies in our sites (more shaded and more nutrient rich) and 
in northern mires (poorer and more exposed). Plagiomnium 
species express some phenotypic plasticity (Wigh 1972) and 
especially P. ellipticum is a species with a highly variable 
morphology (Smith 2004). Polish P. ellipticum had visu-
ally much looser colonies and larger individual shoots and 
leaves, as compared to this species growing in Scandinavia 
(our observations).

The distinct morphology of Sphagna was reflected by 
their higher shoot area index (SAI) as compared to all other 
species (Figs. 1 and 2). We recorded similar SAI values for 
C. cuspidata as van der Hoeven et al. (1993) (although they 
used a different method of photo-electric planimeters) and 
much higher values for T. nitens, A. palustre and S. warn-
storfii, compared to those of Bond-Lamberty and Gower 
(2007). A different approach to the separation between dead 
and living moss tissue is one possible reason for this dis-
crepancy (Niinemetes and Tobias 2014).

Canopy dry mass per canopy surface-projected area 
(CMA) roughly followed the variation in CDD (Fig.  1). 
Both CDD and CMA depend on tissue thickness and canopy 
structure (loose or densely packed shoots), whereas CMA 
includes also information on the height of the green part 
of the moss. The values of CMA obtained in our study are 
higher than values of SMA (shoot mass per area) found by 
Rice et al. (2008, 2011) and Wang et al. (2014), which could 
be a result of different methodology, as well as those found 
by Waite and Sack (2010), which is likely due to a differ-
ent canopy structure of the Hawaiian and Central-European 
mosses.

Discussion

We found considerable interspecific traits variability in 
water-related traits, even though we focused on bryophytes 
dominant in one type of a fen mire and sampled only the 
lawn-hummock part of the gradient, avoiding typical sub-
merged species. Species which effectively form hummocks 
have generally low desiccation rate (K), probably owing it 
to high canopy mass per area (CMA). H. vernicosus is an 
exception to this rule. WCmax and SLA were not directly 
related to the hummock formation, whereas high SAI 
described only one type of hummocks i.e. Sphagnum hum-
mocks. Below we discuss in detail the findings of our study.

Variation in Traits

Our estimations of WCmax were by at least 500% points (pp) 
of dry weight lower (Fig. A4 in Appendix 3, the difference 
between nearer limits of 95% CI for the means) than those 
measured by Elumeeva et al. (2011) for three species com-
mon to both studies (A. palustre, P. ellipticum, T. nitens).
This variation may result from differences in sample prepa-
ration. The relative instability of WCmax might explain why 
Elumeeva et al. (2011) and Michel et al. (2012) obtained 
quite different values for the time of 50% water loss for colo-
nies of A. palustre (114, SE = 13 vs. 40, SE = 5) and T. nitens 
(137, SE = 9 vs. 24, SE = 5), in spite of collecting samples in 
the same localities and using similar methodologies. In our 
opinion, reproducible WCmax measurements for entire colo-
nies with preserved natural structure (including all external 
water retained) are hardly possible due to inevitable dis-
ruption of the structure during sample cleaning (removing 
fragments of vascular plants and non-target moss shoots), 
performed with different precision by each researcher. 
WCmax correlated positively with CDW (Table 2; Fig.  2), 
due to the high proportion of water in the weight of a moist 
sample. Using dry mass for calculating canopy bulk density 
(CDD), gives results that are not affected by the amount of 
water in the moist sample. However, CDD hardly differen-
tiated our species, except for the exceptionally low value 
in P. ellipticum. This species has a distinct morphology, 

Table 2  Pearson’s correlations between the mean trait values; only R significant at p < 0.05 are shown. (All correlations were treated independently 
so no correction for multiple correlations was applied.)

WCmax K CDW CDD CMA SLA SAI
WCmax
K
CDW 0.71
CDD
CMA -0.70
SLA 0.70 -0.64
SAI 0.73 0.67 0.66
Hummock-forming frequency 0.77
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water loss, which may outweigh the cost of reduced light 
availability (Bates 1988). Denser colonies (higher CDD), 
such as in A. palustre, C. dendroides, H. vernicosus, M. 
polymorpha or S. warnstorfii, ensure a lower desiccation 
(Figs.  1 and 2). Avoiding desiccation is quite well repre-
sented by canopy mass per projected area (CMA), as it 
increases with biomass allocation to structural components, 
such as rhizoid tomentum (A. palustre, T. nitens) or hyaline 
cells of Sphagnum (Rice et al. 2008; Waite and Sack 2010; 
Wang et al. 2014).

The group of species with relatively low SLA included T. 
nitens, C. dendroides and M. polymorpha, while the group 
of species with relatively high SLA includes: P. ellipticum 
and both Sphagnum species (Fig.  2). As shown above, 
Sphagna are typical desiccation avoiders, while P. ellipti-
cum is clearly not, so SLA alone cannot be directly con-
nected with desiccation avoidance ability of a species.

Desiccation Avoidance and Hummock Formation

Four species in our analysis, A. palustre, C. dendroides, S. 
warnstorfii and T. nitens have been identified as hummock-
forming in previous studies (e.g. Vitt 1990; Wassen and 
Joosten 1996; Bauer et al. 2007; Vitt 2007; Manukjanová et 
al. 2014). However, T. nitens was reported from some areas 
as a species having a preference to low-lying (wet) micro-
sites (Bauer et al. 2007). Previous studies assessed hum-
mock-forming ability as an arbitrary binary trait, whereas 
we quantified species potential to form hummocks, which 
enabled us to correlate it with water balance and canopy 
structure traits.

Hummock formation is closely related to the desiccation 
rate (K) and canopy mass per area (CMA). The other traits 
considered turned out to be less useful or biased by mea-
suring methods. WCmax and CDW depend on the way the 
samples are soaked. SLA may indicate diverse properties of 
the species. CDD varied too little between the studied spe-
cies for a good predictor of ecological functions. SAI was 
high only for Sphagna, so it cannot predict other types of 
hummock formation.

Our connotation that a dense packing of biomass per sur-
face area (high CMA) is a precondition for building hum-
mocks that effectively hold water is consistent with Laing 
et al. (2014), who showed a positive relationship between 
water content of bryophytes and the dry mass of their stems 
as well as the density of stems per unit area. High CMA of 
hummocks may result from a high annual productivity and/
or slow decomposition. In bogs, hummock Sphagna have 
lower or similar productivity and lower decomposition rates 
than hollow species (Rochefort et al. 1990; Johnson and 
Damman 1991; Turetsky et al. 2008; Hájek 2009; Bengts-
son et al. 2016). In turn, slow decomposition of Sphagnum 

Bond-Lamberty and Gower (2007) found that Sphagna 
have higher SLA values than other mosses, but found no 
significant differences in SLA among non-Sphagnum moss 
species. We confirmed differences between Sphagna and 
some (but not all analysed) non-Sphagnum species, whereas 
we found also differences between P. ellipticum and other 
non-Sphagnum species (Figs.  1 and 2), SLA is the only 
trait for which we did not confirm the difference between 
Sphagna and P. ellipticum. SLA was positively correlated 
with WCmax (Fig. 2; Table 2), pointing at the role of leaves 
and branches in the water holding.

Functional Background of Desiccation Avoidance

The vital trade-off for bryophytes is between desiccation 
tolerance and desiccation avoidance. According to Vitt et al. 
(2014), Sphagnum and Marchantia species are typical des-
iccation avoiders, while Tomentypnum, Aulacomnium and 
Helodium have an evident prevalence of neither desiccation 
avoidance nor desiccation tolerance strategy, showing some 
features of both. Goetz and Price (2015) found that the trade-
off between desiccation tolerance and avoidance is likely to 
result in a moss species having both adaptation types, but 
the proportion of them can vary among species. They found 
also that Sphagnum and T. nitens enhance capillary rise of 
water in their canopies to avoid desiccation, but this capil-
lary rise is more limited at low water tables in Tomentypnum 
due to the larger pore sizes (predominately external pores, 
occurring between overlapping leaves and branches and in 
the rhizoid tomentum). In Sphagna, the continuous network 
of small pores (including hyaline cells) enhances capillary 
rise of the water table to the capitula even during relatively 
low water tables (Goetz and Price 2015; Glime 2015 – 
height of capillary rise for different bryophyte structures).

Desiccation rate (K) was the highest for P. ellipticum. 
The ineffective avoidance of desiccation in this species as 
compared to both Sphagnum species is probably due to less 
effective holding of external capillary water. P. ellipticum 
is therefore less effective in external water transport (ecto-
hydry), while investing more in transmitting water through 
the stem (endohydry) (Glime 2015). However, K coefficient 
of C. dendroides, the other species with an internal water 
transport, did not differ significantly from that of Sphagna. 
The rigid stem of Plagiomnium and Climacium, enabling 
endohydry (Glime 2015), helps them probably to efficiently 
redistribute water to leaves after desiccation.

Van der Hoeven and During (1997) found that three 
pleurocarpous mosses (including Calliergonella cuspidata) 
could rapidly return to an original shoot density after 50% 
thinning, which was attributed to the regulation of stem den-
sity by some intrinsic mechanisms. Densely packed shoots 
in bryophyte colonies give them an advantage of reduced 
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avoiders, Sphagna cannot escape the light stress by drying 
out, rolling up their shoots or leaves and becoming inac-
tive like other bryophytes in drier habitats; they must remain 
metabolically active (Hájek et al. 2009). Nevertheless, 
Sphagna can afford a less efficient photosynthesis and slow 
growth under the reduced competition in open mires (Hájek 
et al. 2009).

Avoiding desiccation is advantageous when forming 
hummocks, however, the main reason why species form 
hummocks could be to avoid toxicity of calcium (Ca2+), 
iron (Fe2+) or manganese (Mn2+) (cf. Vicherová et al. 2015), 
which are often very abundant in fen water. Similarly, 
Granath et al. (2010) showed for a typical hummock spe-
cies, Sphagnum fuscum, that flooding alone did not reduce 
the photosynthesis rate in contrast to flooding with calcare-
ous rich-fen water. Therefore, hummock formation is less 
advantageous in species that are able to tolerate high con-
centrations of these elements. For example, calcium-toler-
ant H. vernicosus (Vicherová et al. 2015) forms hummocks 
rarely despite low K and relatively high CMA values, typ-
ical for the those of the species in our analysis that form 
hummocks more often (Figs. 2 and 3). Our results contradict 
Bauer et al. (2007) stating that H. vernicosus lacks efficient 
adaptations to uptake and retain water. This species appar-
ently has such adaptations but it uses them to build dense 
lawns just above the groundwater level – not mounding to 
higher hummocks.

mosses is the a process preconditioning peat accumulation 
in bogs, whereas in rich fens peat accumulates rather due to 
high net primary production and despite fast decomposition 
(Vitt et al. 2009; Mettrop et al. 2014).

Moisture levels and traits that regulate water availability 
may also impact the rate of photosynthesis and affect overall 
productivity. Species that form hummocks tend to have low 
desiccation rate (Figs. 2 and 3). Bryophytes have lower light 
saturation points than vascular plants (Marshall and Proc-
tor 2004; Glime 2007) and their photosynthesis is strongly 
regulated by water availability – due to thick external water 
films, CO2 diffusion resistance limits CO2 fixation (Hájek 
2014). The extent of external water films is proportional to 
the specific leaf area (SLA), which has, therefore, a differ-
ent adaptive function in bryophytes than in vascular plants 
(trade-off between maximisation of light capture and stress 
tolerance). Photosynthetic assimilation of CO2 by bryo-
phytes is hindered by low, as well as by too high, water con-
tent (Schipperges and Rydin 1998; Jauhiainen and Silvola 
1999; Ueno and Kanda 2006; Hájek 2014). Species retain-
ing more external water (e.g. Sphagna) can stay photosyn-
thetically active for a longer time but this adaptation is on 
the cost of slower CO2 diffusion due to thick water films of 
external water (see Hájek (2014) for a detailed review). In 
permanently-hydrated peatland mosses (mainly Sphagna) 
growing in full sunlight, the rate of chlorophyll excitation 
may greatly exceed the capacity for CO2 fixation, so invest-
ments in photoprotection are necessary. Being desiccation 

Fig. 3  Summary of traits characteristics for all species analysed. For 
species abbreviations refer to Fig. 1 and for traits abbreviations – to 
Table 1. Species are divided into five groups (separated with black ver-

tical lines in the head of the table) regarding their traits characteristics. 
Trait values are generalized into three relative categories: high (H), 
medium (M) and low (L) based on Fig. 2
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