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INTRODUCTION

Sphagnum-dominated peatlands are ecosystems
characterized by strong water retention, high acidity,
and low concentrations of mineral nutrients (Van
Breemen 1995). Due to the imbalance between or -
ganic matter production and microbial decomposi-
tion (Clymo et al. 1998), peatlands store over 30%
of the global soil carbon while representing only
approximately 5% of the earth’s land area (Gorham
1991). Because of their great potential as carbon
pools, they have attracted the interest of many scien-
tists over the past few decades, especially in the con-
text of global change (Dise 2009). At one time erro-
neously believed to be devoid of microbial life,

peatlands are homes to a wide diversity of micro -
organisms and a hotspot for biodiversity conservation
(Williams & Crawford 1983, Gilbert & Mitchell 2006,
Prentice 2011). Since Gilbert et al. (1998) assessed
the structure and function of the microbial food web
(dissolved organic matter → bacteria → hetero -
trophic protists → micro-metazoa) in a sphagnum
peatland and its potential to provide early indicators
of the effects of human disturbance, many studies
have focused on the structure and the role of
microbes in this ecosystem (e.g. Mitchell et al. 2000,
Thormann 2006, Opelt et al. 2007, Bragina et al.
2012). In particular, some of these studies indicate
that the microbial food web could regulate peatland
nutrient fluxes and carbon cycling (Gilbert et al.
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ABSTRACT: Distributions of microbial communities living along a close vertical gradient in a
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primary producers (microalgae and cyanobacteria), consumers (ciliates, heterotrophic flagellates,
testate amoebae, rotifers and nematodes) and decomposers (fungi and bacteria) were examined.
There was no significant difference in the total vertical microbial biomass. However, the biomass of
ciliates and rotifers significantly decreased with depth, while the biomass of fungi and bacteria sig-
nificantly increased. Testate amoebae biomass showed a similar vertical distribution, but strong
and significant species-specific variations were observed. Cluster analysis organized the microbial
community from the top 6 cm of sphagnum moss into 3 layers: capitula (0−1 cm), dominated by
mixotrophic consumers (mixotrophic ciliates and testate amoebae); green stems (1−3 cm), charac-
terized by microbial primary producers; and litter (3−6 cm), dominated by heterotrophic consumers
and decomposers. These results highlight the potential of using these layers to better describe
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1998, Mitchell et al. 2003, Gilbert & Mitchell 2006,
Jassey et al. 2011b). Some more recent works con-
cern the interactions between organisms at the sur-
face of peatlands. For example, some studies de -
scribe the performance of microbial predators in
relation to the presence and/or quantity of prey
within the microbial food web (Jassey et al. 2012,
2013b), while others highlight the importance of
 phenolic compounds produced by sphagnum moss to
explain the composition and distribution of microbial
communities (Jassey et al. 2011a,b). Finally, Jassey et
al. (2013a) showed that the composition of various
microbial trophic groups and their interactions with
aboveground components in sphagnum surface and
litter layers varies in response to warming and other
ambient conditions, and offered a structural equation
model linking these elements.

Although the knowledge of vertical microbial dis-
tributions is crucial to understanding biogeochemical
processes in sphagnum peatlands, much remains to
be learned, especially as vertical sampling intervals
have varied among existing studies. Mitchell &
Gilbert (2004) studied the vertical distribution of tes-
tate amoebae at 0−1, 1−3 and 3−5 cm, but they did
not distinguish between their dead and living forms.
Mieczan (2010) studied the vertical distributions of
ciliates and testate amoebae by qualitatively separat-
ing living green moss and dead brown moss. Other
studies sampled the microbial community at intervals
of 0−3, 3−6 and 6−9 cm (e.g. Jassey et al. 2011a,b,
2012, 2013b), as these 3 layers often correspond to
the green (i.e. living) part, litter, and well decom-
posed part, respectively, of the sphagnum. Despite
sampling interval differences, all these studies re -
vealed different microbial assemblages among verti-
cal segments. No studies have been conducted to
verify whether these divisions are ecologically rele-
vant, however.

The present study uses a precise sampling interval
strategy (1) to explore the vertical distributions of the
microorganisms living in Sphagnum fallax, (2) to
illustrate the assemblages of sphagnum peatland
microbial communities and describe their trophic
roles in the different layers and (3) to develop a rele-
vant sampling strategy for future studies.

MATERIALS AND METHODS

Study site and sampling

The study site was an undisturbed sphagnum-
dominated mire located in the Jura Mountains,

France (the Forbonnet peatland; 46° 49’ 35’’ N, 6° 10’
20’’ E; 840 m a.s.l.). The site is characterized by cold
winters (averaging −1.4°C in January) and mild sum-
mers (averaging 14.6°C in July). The annual mean
temperature is about 6.5°C, and annual precipitation
is about 1200 mm.

The sampling area was characterized by moss
cover dominated by Sphagnum fallax. Andromeda
polifolia, Eriophorum vaginatum and Vaccinum oxy-
coccus were recorded in very low abundance;
Scheuchzeria palustris and Carex limosa occurred
outside of the studied plots (Jassey et al. 2011a). To
avoid spatial heterogeneity (Mitchell et al. 2000,
Jassey et al. 2011a), 3 sampling plots were selected in
a 10 × 10 m area of S. fallax carpet. This studied zone
was chosen because it is a homogenous area which
has been well described in previous publications
(Jassey et al. 2011a, 2013a). One sample (10 × 10 ×
10 cm) of S. fallax was taken in each plot on August
29, 2014. This date was chosen because the period
corresponds to the end of the growing season, before
the first frost, when sphagnum mosses and their asso-
ciated microbial communities are well developed.

Microbial analysis

In the laboratory, each S. fallax sample was pre-
cisely cut at 7 intervals from the top 6 cm (0−0.5,
0.5−1, 1−2, 2−3, 3−4, 4−5, and 5−6 cm), resulting in a
total of 21 samples for the 3 plots. These samples
were fixed with a 2% final concentration of glu-
taraldehyde solution (20 ml) and stored at 4°C in the
dark. Microbial organisms were extracted from
S. fallax samples as follows. Each sphagnum moss
sample was first shaken for 1 min, and then pressed
to extract microbial organisms (first solution). The
moss was then soaked (20 ml glutaraldehyde, 2%
final concentration), shaken and pressed. The leachate
was allowed to settle for 12 h, and afterward the
supernatant was added to the moss and the material
on the bottom was added to the first solution. This
process was carried out 6 times. Lastly, 40 ml of solu-
tion was obtained from each sample and stored at
4°C. Following microbial community extraction, the
S. fallax moss was dried at 80°C for 48 h and then
weighed, to express microbial biomass per gram of
dry weight of sphagnum moss.

A 1 to 3 ml subsample of each of the 21 samples
was analyzed after allowing them to settle for
approximately 2 h in a plankton chamber. For domi-
nant species, a 1 ml subsample was enough to get the
minimum number of individuals required for statisti-

2



Song et al.: Distribution of microbial communities in sphagnum

cal analysis; for some common or rare species, sub-
samples of up to 3 ml were used. Inverted microscopy
(Olympus IX71) at 200× or 400× magnifications was
used to count and measure the groups of microorgan-
isms. Species identification (species level) and their
trophic group separation were performed according
to Kreutz & Foissner (2006). Nematodes were in -
cluded in the study since they are commonly consid-
ered in sphagnum microbial studies (e.g. Gilbert et
al. 1998, Kreutz & Foissner 2006, Jassey et al. 2013a).
Morphospecies were used for very small taxa (e.g.
heterotrophic nanoflagellates). A FACSCalibur flow
cytometer (Becton Dickinson) was used to determine
bacterial abundance. Fluorescent microbeads (mole-
cular probes) of 1 µm diameter were added as an
internal standard. Bacterial samples were stained
with SYBR Green I (1/10 000 final concentration) for
15 min in the dark and run at medium speed (40 µl
min−1). The total abundance (AT) of each species was
calculated based on the data obtained from subsam-
ples as AT = AS × 40/x, where AS is the abundance of
the species in the subsample and x is the volume of
the subsample. The biovolume of each community
was estimated by assimilating their volumes to geo-
metrical shapes and converting these volumes into
carbon mass using conversion factors as indicated in
Gilbert et al. (1998). Lastly, the biomass of microbial
groups was expressed as micrograms of carbon per
gram of dry weight of sphagnum moss (µg C g−1 dry
mass [DM]).

Biomass was calculated for each microbial group
and for the total microbial community. Moreover,
bio mass was also estimated for 4 functional sub-
groups of testate amoebae (mixotrophs with self-
secreted shells and with xenosome shells, and
hetero trophs with self-secreted shells and with xeno-
some shells) and for 2 functional sub-groups of cili-
ates (mixotrophic ciliates and heterotrophic ciliates)
as described by Mitchell & Gilbert (2004), Mieczan
(2009) and Jassey et al. (2011a).

Statistical analysis

All statistical analyses were done using biomass
data. The distributions of biomass of the 9 microbial
groups, the total microbial community, the 4 functional
sub-groups of testate amoebae and the 2 functional
sub-groups of ciliates were not normal. Therefore, the
non-parametric Kruskal-Wallis test was performed to
test their variance with depth (7 depths).

Principal component analysis (PCA) was used to
assess the general structure of microbial communi-

ties and to show the distributions of different micro-
bial species across the different depth intervals of
sphagnum moss. To stabilize the variance and reduce
the influence of the dominant taxa, data were
Hellinger-transformed prior to analysis (Legendre &
Gallagher 2001). Based on microbial species bio-
mass, Ward’s minimum variance clustering was used
to recognize patterns of microbial assemblages in
vertical alignment (Ward 1963) and highlight the
main differences in the vertical distribution of micro-
organisms in peatlands. Because nematodes and
bacteria were not identified at the species level, each
was considered as a single group in PCA and cluster
analysis. As explained in ‘Results’, cluster analysis
divided the vertical microbial community structure
into 3 subgroups, i.e. 3 vertical segments. For each of
these 3 segments, the microbial community structure
(dissolved organic matter → bacteria → heterotro-
phic protists → micro-metazoa) was reconstructed
according to Gilbert et al. (1998). The Pearson corre-
lation coefficient was then calculated for each seg-
ment to express the relationships between different
functional groups of microbial organisms within the
established microbial food web. Because the sample
sizes were small (n = 6 for 2 of the segements and n =
9 for the third), the exact permutation test was used
to test the significance of the correlation (Puth et al.
2014). Qualitative measures of parameter gradients
(light, phenolic content, organic matter, temperature
and humidity) based on literature data were used to
explain the microbial community distribution. All
analyses were performed with R3.1.2 using the
vegan and cluster packages (Team 2015), at a signif-
icant level α = 0.05.

RESULTS

Microbial communities

Testate amoebae, bacteria and microalgae were
the most abundant microbial groups in the upper
6 cm surface layer of sphagnum moss, accounting for
82% of the total community biomass (504 ± 31, 311 ±
40 and 220 ± 25 µg C g−1 DM respectively, mean ±
SD) (Fig. 1). Rotifers, cyanobacteria, fungi, ciliates,
nematodes and heterotrophic flagellates accounted
for the other 18% of total microbial biomass (124 ± 8,
30 ± 5, 26 ± 5, 26 ± 4, 12 ± 2 and 6 ± 2 µg C g−1 DM
respectively).

Fig. 1 presents the vertical distribution of the studied
microbial communities. Total microbial biomass did
not show significant vertical variance (p = 0.18), but
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ciliates (p = 0.01), rotifers (p = 0.03), fungi (p = 0.02)
and bacteria (p = 0.01) were stratified with depth
(Fig. 1). Over 70% of microalgal biomass was present
in the upper 3 cm, with the highest value at 0.5−1 cm
(329 ± 104 µg C g−1 DM) (p = 0.07, Fig. 1). The biomass
of cyanobacteria fluctuated between 3 and 112 µg C
g−1 DM, and reached maximum biomass at 3−4 cm (64
± 25 µg C g−1 DM) (p = 0.07, Fig. 1). Ciliate biomass
declined significantly with depth (p = 0.01, Fig. 1),
with a peak value at 0.5−1 cm (56 ± 5.0 µg C g−1 DM).
Mixotrophic ciliates mainly inhabited the upper layer
(p = 0.01), while no significant vertical distribution
was observed for heterotrophic ciliates (p = 0.30,
Fig. 2). Total testate amoebae biomass did not signifi-
cantly differ with depth (p = 0.31, Fig. 1). However,
clear differences were ob served for the various func-
tional groups (Fig. 3). Mixo trophic testate amoebae
with self-secreted shells (e.g. Hyalosphenia papilio
and Archerella fla vum) predominantly appeared in
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Fig. 1. Vertical distributions of biomass of ciliates (Kruskal-Wallis, p = 0.01), cyanobacteria (p = 0.07), fungi (p = 0.02), nema-
todes (p = 0.20), heterotrophic flagellates (p = 0.15), microalgae (p = 0.07), bacteria (p = 0.01), rotifers (p = 0.03), testate amoe-
bae (p = 0.31), and total microbial communities (p = 0.18) in the Forbonnet peatland, Jura Mountains, France. DM: dry mass. 
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the upper layers (0−1 cm) (p = 0.01). Mixo trophs with
xenosome shells (e.g. Amphitrema wrightianum and
Heleopera sphagni) were concentrated in the middle
layers (1−3 cm) (p = 0.02). Heterotrophic species (e.g.
Hyalo sphenia elegans and Physochila griseola) mainly
colonized the lower layers (3−6 cm) (p < 0.05). Rotifer
biomass showed a constant de crease with depth (p =
0.03, Fig. 1) (167 ± 6 µg C g−1 DM at the top [0−0.5 cm],
74 ± 12 µg C g−1 DM at the bottom [5−6 cm]). The rela-
tive importance of decomposer biomass strongly in-
creased from the top (10%) to the bottom (44%). Bac-
teria biomass showed a significantly constant increase
with depth (p = 0.01, Fig. 1) (79 ± 5.4 µg C g−1 DM at
the top, and 524 ± 88.3 64 µg C g−1 DM at the bottom).
Like bacteria, the biomass of fungi also increased with
depth (p = 0.02, Fig. 1), with a peak value of 58 ± 18 µg
C g−1 DM at the bottom.

Species-specific vertical distributions occurred. For
example, microalgae Cylindrocystis brebissonii, mixo -

trophic testate amoebae H. papilio and A. fla vum and
mixotrophic ciliates Vorticella sp1 distributed at the
right side of the PCA plot (upper layers); while fungi
Helicoon pluriseptatum and hyphae of ascomycete,
bacteria and heterotrophic testate amoebae H. ele-
gans and P. griseola distributed at the left side of the
PCA plot (lower layers) (Fig. 4, Table S1 in the
 Supplement at www.int-res. com/ articles/suppl/ a077
p001_ supp.pdf).

Vertical stratification of microbial communities

Cluster analysis clearly divided the vertical micro-
bial community structure into 3 subgroups by layer:
capitula (0−1 cm), green stems (1−3 cm) and litter
(3−6 cm) (Fig. 5). Different functional microbial com-
positions characterize these 3 vertical segments
(Fig. 6, Table S1). The moss capitula are dominated by
mixtrophic ciliates (e.g. Vorticella sp1) and mixotro-
phic testate amoebae (e.g. H. papilio and A. fla vum)
(Fig. 6, Table S1). In capitula, a strong positive rela-
tionship was demonstrated between mixotrophic pro-
tists with decomposers and primary producers
(Fig. 6a), especially the relationships between mixo-
trophic testate amoebae and microalgae, mixotrophic
protists and bacteria, and heterotrophic protists and
bacteria (Table S2). The green stems house microbial
primary producers (microalgae and cyanobacteria)
and mixotrophic testate amoebae with xenosome
shells (Fig. 6b, Table S1). In this layer, the only signifi-
cant correlation found was between decomposers and
heterotrophic protists (Fig. 6b). Heterotrophic con-
sumers (e.g. H. elegans and P. griseola) and de com -
posers (fungi and bacteria) were the most abundant
microorganisms in litter (Fig. 6c, Table S1). Mixo -
trophic protist biomass was positively correlated to
primary producers and micro-metazoa, but the links
between heterotrophic consumers with mixotrophic
protists and micro-metazoa, and be tween decom-
posers and mixotrophic protists shifted from a positive
correlation in capitula and green stems to a negative
correlation in litter (Fig. 6c, Table S2).

DISCUSSION

The present study addressed the vertical micro-
 distributions of microbial communities, including mi -
croalgae, cyanobacteria, ciliates, heterotrophic flagel-
lates, testate amoebae, rotifers, nematodes, fungi and
bacteria, living in the top 6 cm of Sphagnum fallax in
the Forbonnet peatland in France. Our results re -
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vealed a strong general stratification of
the microbial communities. More pre-
cisely, 4 of the 9 measured microbial
groups have significant vertical strati -
fication (Fig. 1). Furthermore, even
within groups with no significant verti-
cal stratification (e.g. testate amoebae),
strong species-specific vertical distribu-
tions were also observed (p < 0.05,
Figs. 2 & 3, Table S1). These results are
comparable to those obtained in previ-
ous studies (Mitchell & Gilbert 2004,
Miec zan 2010, Jassey et al. 2011a,b,
2012, 2013a), but provide a more precise
description of the vertical distribution of
microbial communities in sphagnum.

Vertical stratification

Microbial communities and their
interactions differed between sphag-
num segments (Jassey et al. 2011b,
2013a). Our results divided the most
commonly used definition of upper
layer, i.e. 0−3 cm (e.g. Jassey et al.
2011a, 2012, 2013a) — into 2 signifi-
cantly different layers: capitula (0−1 cm)

and green stems (1−3 cm). Mitchell & Gilbert (2004)
are the only researchers to have previously used this
sampling interval, and only for testate amoebae. In
order to better describe the structure of microbial
communities in each layer, the microbial communi-
ties in the moss capitula, green stem, and litter layers
were described based on functional traits: mixotro-
phic protozoa, autotrophic primary producers (cyano-
bacteria and algae), heterotrophic consumers (hetero -
trophic protozoa and microscopic metazoa), and
decomposers (bacteria and fungi).

Capitula (0−1 cm)

Total microbial biomass was low in capitula, espe-
cially in the upper 0 to 0.5 cm (Fig. 1). Indeed, this
layer corresponds to the interface with air, and thus
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experiences particular conditions including strong
exposure to solar radiation and great variations in
temperature and moisture (Zotz & Kahler 2007,
Robroek et al. 2009), which are not favorable to
microbial organism life. Moreover, sphagnum capit-
ula produce the most phenol, compared to other parts
of the plant (Fig. 6), which is likely to affect microbial
growth (Opelt et al. 2007, Jassey et al. 2011b, 2013a).

The capitula are known to make up the most
actively photosynthetic part of the sphagnum moss
(Robroek et al. 2009). Primary producers such as
cyanobacteria and microalgae were expected to be
abundant in the light receiving layer, but the capitula
layer in the present study was dominated by mixotro-
phic consumers such as testate amoebae and ciliates.
Similar observations have also been reported in pre-
vious studies (Heal 1962, Mitchell & Gilbert 2004,
Mieczan 2010, Jassey et al. 2011a). Strong positive
relationships were demonstrated between mixotro-
phic protists and primary producers (especially be -
tween mixotrophic testate amoebae and microalgae)
in this layer (Fig. 6a, Table S2). Mixotrophic con-
sumers were also positively correlated with bacteria
(Table S2). These mixtrophic species benefit from
their symbiotic zoochlorellae for energy uptake (Heal
1962, Mitchell & Gilbert 2004), while hetero -
phagotrophic activity also provides nutrients from
prey. Indeed, the nutrient strategies of mixotrophs
make them characteristic of sunlit nutrient-poor con-
ditions (Tittel et al. 2003, Hartmann et al. 2012).
Microalgae growth needs both light and inorganic
nutrients (Huisman et al. 2006), and besides, they are
in the prey range of mixotrophic testate amoebae
(e.g. Hyalosphenia papilio) (Jassey et al. 2012,
2013b). Therefore, the distribution of microlgae
could be explained by both nutrient availability and
grazing pressure. Although the surface of sphagnum
peatlands is clearly considered as oligotrophic with
very low conductivity, to our knowledge, no studies
have yet been done to describe micro-physico-
 chemical parameters in sphagnum. Further studies
are required to clarify these hypotheses.

Green stems (1−3 cm)

The green-stem layer is dominated by microalgae,
testate amoebae and bacteria. Primary producers
could probably get enough light for photosynthesis
and were more likely to obtain more inorganic nutri-
ents (Klausmeier & Litchman 2001). This finding
agrees with other vertical microbial ecological stud-
ies (Jassey et al. 2012, 2013b), and supports the idea
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that light exposure limits microalgae growth (e.g.
Totti et al. 2010, Cuaresma et al. 2011, Liu et al.
2012). In our study, microalgae and cyanobacteria
accounted for 19% of microbial biomass, between
the value observed in bogs (9%) and oligotrophic
fens (42%) (Mitchell et al. 2003). Among the primary
producers, cyanobacteria accounted for less than
10% of the biomass. Despite the fact that cyano -
bacteria biomass remains low, its nitrogen fixing
capability may have a disproportionally large impact
on peatland carbon and nitrogen cycles (Lindo et al.
2013).

Mixotrophic testate amoebae with xenosome
shells, e.g. Amphitrema wrightianum and Heleopera
sphagni, mainly inhabited the green-stem layer.
Compared to mixotrophic species with self-secreted
shells (e.g. H. papilio and Archerella flavum),
A. wrightianum and H. sphagni colonized the lower
layer, where they were likely to find the material
needed for test formation. The distribution of testate
amoebae with different shell materials should repre-
sent the trade-off between food resources and mate-
rials for test-building (Heal 1962, Mitchell & Gilbert
2004, Jassey et al. 2011a). These vertical distri -
butions, especially between congeneric species or
closely related species (e.g. A. flavum vs. A. wright-
ianum and H. papilio vs. H. elegans), support the
principle of competitive exclusion (Mitchell & Gilbert
2004, Jassey et al. 2011a). In this layer, a significant
correlation was found only between heterotrophic
protists and decomposers (Fig. 6b).

Litter (3−6 cm)

Decomposers and heterotrophic consumers domi-
nated the sphagnum moss litter. Decomposer bio-
mass increased with depth, in relation to peat decom-
position in the upper 10 cm of the peat layer (Laiho
2006). In the litter layer, bacteria dominated the total
microbial biomass. This result concurs with several
previous studies of microbial communities in sphag-
num moss (e.g. Gilbert et al. 1998, Mitchell et al.
2003, Nguyen-Viet et al. 2007, Jassey et al. 2011b).
Fungal biomass was lower than bacteria biomass at
this depth; but this group may play an important role
nonetheless, because of its extensive hyphal growth
habit and ability to translocate nutrients through its
hyphal network (Thormann 2006).

Biomass of mixotrophic protists decreased with
depth, while biomass of heterotrophic taxa increased
(e.g. Figs. 2 & 3). The same pattern of distribution
was observed for ciliates by Mieczan (2009). Ciliates

are important consumers of bacteria and pico- and
nano-sized producers, nutrient regenerators, and
constitute an important food resource for metazoans
(Pierce 1992). The vertical distribution of their bio-
mass could be the result of the micro-sites’ degree of
dampness, fertility and light conditions (Mieczan
2009). Heterotrophic ciliates were significantly corre-
lated with bacterial biomass (Table S2). Biomass of
heterotrophic testate amoebae was positively corre-
lated to that of heterotrophic flagellates and bacteria
(Table S2). Indeed, these microbial organisms are in
the prey range of heterotrophic protists (Gilbert et al.
2003, Jassey et al. 2012). The increased heterotrophic
consumer biomass in this layer may be explained by
prey availability. For example, Gilbert et al. (1998)
showed that heterotrophic flagellates were simulta-
neously subjected to predation pressure from testate
amoebae, ciliates and micro-metazoans.

CONCLUSION

The sampling strategy adopted here considered
the micro-distribution of microbial communities in
the moss carpet. Our results indicated that the
Sphagnum fallax carpet surface presented 3 distinct
layers: capitula, green stems, and litter. Each of these
layers contains specific characteristic microbial com-
munities, thus suggesting the possible existence of
micro-niches. Since the moss carpet is directly influ-
enced by and sensitive to environmental changes
and atmospheric deposition, we believe that this
sampling approach will be particularly useful in
future studies. This said, it would be of great interest
to confirm and extend our observations with other
peatland and Sphagnum species. More studies are
also needed to determine the micro-physico-chemi-
cal parameters in the first centimeters of the sphag-
num carpet to clarify the potential importance of top-
down and bottom-up effects in the different layers.
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