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Abstract The pleurocarpus feather moss, Hylocomium
splendens, is one of two co-dominant moss species in
boreal forest ecosystems and one of the most common
mosses on earth, yet little is known regarding its capacity to
host cyanobacterial associates and thus contribute total eco-
system N. In these studies, we evaluated the N-fixation
potential of the H. splendens—cyanobacteria association and
contrasted the N-fixation activity with that of the putative
N-fixing moss—cyanobacteria association of Pleurozium
schreberi. Studies were conducted to: quantify N-fixation
in H. splendens and P. schreberi in sites ranging from
southern to northern Fennoscandia; assess N and P avail-
ability as drivers of N-fixation rates; contrast season-long
N-fixation rates for both mosses; and characterize the cya-
nobacteria that colonize shoots of H. splendens. Nitrogen-
fixation rates were generally low at southern latitudes and
higher at northern latitudes (64-69°N) potentially related to
anthropogenic N deposition across this gradient. Nitrogen
fixation in H. splendens appeared to be less sensitive to
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N deposition than P. schreberi. The season-long assess-
ment of N-fixation rates at a mixed feather moss site in
northern Sweden showed that H. splendens fixed a substan-
tial quantity of N, but about 50% less total N compared to
the contribution from P. schreberi. In total, both species
provided 1.6kg fixed Nha'year~!. Interestingly, H.
splendens demonstrated somewhat higher N-fixation rates
at high fertility sites compared to P. schreberi. Nostoc spp.
and Stigonema spp. were the primary cyanobacteria found
to colonize H. splendens and P. schreberi. These results
suggest that H. splendens with associated Nostoc or Stigo-
nema communities contributes a significant quantity of N to
boreal forest ecosystems, but the contribution is subordi-
nate to that of P. schreberi at northern latitudes. Epiphytic
cyanobacteria are likely a key factor determining the co-
dominant presence of these two feather mosses across the
boreal biome.

Keywords Feather moss - Nitrogen - Boreal ecosystems -
Pleurozium schreberi

Introduction

The feather mosses Hylocomium splendens (Hedw.) B.S.G.
and Pleurozium schreberi (Bird.) Mitt. are ubiquitous in
boreal regions and are some of the most widespread plants
on earth (Persson and Viereck 1983; Schofield 1992; Kuc
1997; DeLuca et al. 2002). They often dominate the ground
vegetation in boreal forests but are also common in temper-
ate and arctic ecosystems (Nyholm 1965; Walter and Brec-
kle 1989; Ochyra and Brednarek-Ochyra 2002; Mikipad
and Heikinen 2003). These two feather mosses can form
dense monospecific carpets on the forest floor with the
ground cover reaching 80% or more in mature tree stands.
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They comprise a smaller part of the total ecosystem bio-
mass but their annual growth can easily exceed that of trees
in many northern boreal forests (Weetman 1969; Oechel
and Van Cleve 1986; Bisbee et al. 2001; Bond-Lamberty
and Gower 2007). The factors behind this unique ability to
monopolize resources and dominate over other species on
the forest floor is not well understood (Zackrisson et al.
1997; Nilsson and Wardle 2005). Classical explanations
include their unusual ability to compete for and acquire
nutrients exclusively from precipitation and throughfall,
and their limited susceptibility to natural parasites or preda-
tors (Chapin et al. 1987; Brown and Bates 1990; Turetsky
2003). Hylocomium splendens tends to dominate in mesic
and more productive sites while P. schreberi is found across
a broader array of ecological conditions (Pahlsson 1994).
The ground cover of H. splendens typically increases with
successional age in pristine mesic boreal forest stands (Pay-
ette 1992; Engelmark 1999) and it is also commonly found
in mature stages of managed coniferous forests (Makipad
and Heikkinen 2003; Hart and Chen 2008).

The importance of H. splendens in nutrient cycling of
boreal forests was first brought to attention by Tamm
(1953, 1964). He demonstrated that the annual input of
nutrients in precipitation and throughfall could account for
the annual accumulation of all major nutrients in H. splen-
dens with the exception of N. Several more recent studies
have confirmed this paradox in H. splendens (Binkley and
Graham 1981; Brown and Bates 1990; Longton 1992). The
commonly insufficient availability of inorganic (and
organic) N in boreal forests has remained an enigma. How-
ever, increased anthropogenic N deposition over recent
centuries may have drastically altered the primary N
resources for feather mosses (Huttunen et al. 1981; Lovett
and Lindberg 1993; Forsum et al. 2006) and thereby also
changed the possibilities to study natural availability and
transfer of N between cyanobacteria and mosses in polluted
areas. Until recently, the suspicion that biological N-fixa-
tion could account for the missing N-resources in boreal
forests (DeLuca et al. 2002) had mainly remained unex-
plored. Previous efforts to examine N-fixation patterns in
boreal forests likely underestimated the N-fixation potential
in moss and lichen communities by being performed in
high summer season when actually very little N-fixation
takes place, in contrast to early spring and late autumn
when N-fixation is at its peak in northern latitudes (DeLuca
etal. 2002). Alternatively, many N-fixation studies have
been performed in regions with raised levels of anthropo-
genic N deposition and other pollutants that can effectively
mask or totally exclude N-fixation in cyanobacterial associ-
ations with mosses (Zackrisson et al. 2004).

It is well established that N-fixation both influences and
is influenced by ecosystem processes (Rastetter et al. 2001;
Vitousek et al. 2002; Gruber and Galloway 2008). Vegetation
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dynamics can be profoundly influenced by the activity of
N-fixing organisms in serial plant communities (Chapin
et al. 1991). It has often been suggested that N-fixation has
the most substantial effects in early primary succession
(Cleveland et al. 1999). However, recent studies indicate
that this may not be the case in northern boreal ecosystems,
where N-fixation is apparently maximized in late secondary
succession (Zackrisson et al. 2004). The functional aspects
of this late successional N-fixation and its importance for the
large net N accumulations found in growing humus layers
associated with late seral plant communities is, however, far
from being well understood (Zackrisson et al. 1998; Nilsson
and Wardle 2005; Wardle and Zackrisson 2005).

The recovery of organic N resources that are lost to com-
bustion during severe wildfire events are likely the result of
N accumulation through biological N-fixation (Smithwick
et al. 2005). Our understanding of the origin of boreal N
(Binkley et al. 2000) and its dynamics as related to C and P
cycling is unsatisfactory (Wardle et al. 2003a, b; Lagerstrom
et al. 2007), especially given the size of boreal forest biome
and its important role in global cycles (Bonan and Shugart
1989; Walter and Breckle 1989; Nilsson and Wardle 2005).

Recently, it has been shown that cyanobacteria present
on the leaves of P. schreberi fix substantial amounts of N in
pristine and previously unpolluted boreal forests (DeLuca
et al. 2002; Zackrisson et al. 2004). This type of epiphytic
cyanobacterial association has previously received limited
attention (Usher et al. 2007; Adams and Duggan 2008). Up
to three distinct genera of cyanobacteria have been identi-
fied in association with P. schreberi (Gentili et al. 2005).
The ecological similarities that exist between the two major
boreal feather mosses led us to investigate whether H.
splendens accounts for a significant proportion of total bio-
logical N-fixation in boreal forests where this moss is a
major component of the moss bottom layer.

The purpose of the work reported was to: (1) quantify N-
fixation patterns in H. splendens and compare them with that
in P. schreberi across a variety of sites ranging from southern
to northern Fennoscandia; (2) assess N and P availability (by
experimental applications) as drivers of N-fixation rates; (3)
describe N-fixation in a fertility gradient typical of northern
boreal forests; (4) assess season-long N-fixation rates in a
natural forest reserve; and (5) isolate and characterize the
cyanobacteria that colonize shoots of H. splendens.

Materials and methods
Regional study of N-fixation
Studies were conducted to evaluate the N-fixation potential

of H. splendens communities at 40 independent sites in
Fennoscandia (most sites in Sweden, but also a few in Nor-
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way and Finland) between latitudes 59-69°N and longi-
tudes 12-23°E during the 5-year period 2003-2007. All
forest sites were late successional (secondary successions
estimated to be older than 130 years) and dominated by
coniferous trees, Picea abies L. (Karst.) or Pinus sylvestris
L. Sites were pristine and uninfluenced by modern forestry
practises and situated more than 300 m from the nearest
main road to reduce effects of traffic emission (e.g., Zech-
meister et al. 2005; DeLuca, unpublished). Most sites were
chosen within existing nature reserves and national parks.
The ground vegetation was dominated by ericaceous dwarf
shrubs (Vaccinium sp., Empetrum sp., and Calluna vulgaris
(L.) Hull) and dense carpets of feather mosses. Sites with a
mixture of H. splendens and P. schreberi were used for
sampling. Of the sites located near the timberline, samples
were taken within the low alpine zone where feather
mosses grow in plant communities with dwarf shrubs and
grasses. Soils at the vast majority of sites are classified as
Haplocryods. Most sampling was performed in early spring
or late fall when N-fixation could expect to be high and in a
manner such that latitude should not have been confounded
by date. In each of the 40 sites, 12 samples of 10 moss
shoots of H. splendens and P. schreberi were randomly col-
lected within a 2-ha area. The 10 moss shoots were placed
into a 20-ml glass culture tube and analyzed for N-fixation
using a 24-h incubation and acetylene reduction assay as
described below.

Nitrogen and phosphorus fertilization experiments

The influence of N and P fertilization rates was studied in a
late successional site (Reivo) with mixed tree layer of Nor-
way spruce and Scots pine. This site has been described in
detail elsewhere (DeLuca et al. 2007). Ground vegetation
was dominated by a field layer of ericaceous dwarf shrubs
and a bottom layer of H. splendens. Three rates of N (0, 5,
and 10 kg N ha™") applied as NH,NO; and two rates of P (0
and 5 kg P ha™!) applied as NaH,PO, were applied in facto-
rial combination to seven replicate blocks of 1-m? plots of H.
splendens creating a total of 42 plots. Fertilizer treatments
were applied in four increments during the growing season.
Nitrogen-fixation rates were measured just before treatment
and then at 2, 8, 52, and 104 weeks after treatment by placing
10 moss shoots in a 20-ml tube and using a 24-h incubation
and acetylene reduction assay as described below.

Nitrogen-fixation in a fertility gradient

Three forest reserves, each with a distinct local fertiliy gra-
dient, were used to study N-fixation differences between
H. splendens and P. schreberi. These forest reserves,
Vargiséan, Pitedlven, and Kryddgrovan, are all situated in
northern Sweden between latitudes 65-66°N and at alti-

tudes between 290 and 360 m above sea level (for further
details on soil nutrients, etc. within gradients, see Wardle
et al. 1998). Mean annual temperature and precipitation are
1°C and 570 mm, respectively. Three fertility levels were
identified in each reserve. Sites used for sampling within
each reserve were situated less than 300 m from each other
to reduce local climatic differences. The low level produc-
tivity sites had a sparse tree layer dominated by Scots pine
and ground vegetation mainly composed of reindeer lichens
such as Cladina rangiferina (L.) Nyl. and C. stellaris
(Opiz) Brodo. Feather moss carpets, composed primarily of
P. schreberi, were mostly found in distinct patches mixed
into the lichen mats. This vegetation is characteristic of oli-
gotrophic sites of low nutrient availability (Hdgglund and
Lundmark 1977). The soils of the low fertility stands are
Typic Haplocryods with a 2-cm Oe horizon. The middle
level productivity sites had a mixed tree layer of Scots pine
and Norway spruce and the ground vegetation were domi-
nated by a dense layer of ericaceous dwarf shrubs (Vacci-
nium myrtillus L., V. vitis-idaea L and Empetrum
hermaphroditum Hagerup) and thick carpets of feather
mosses. The soils in the middle fertility level are also Typic
Haplocryods formed in alluvial sediments with a 5-cm Oe
horizon. The high level productivity site was dominated by
Norway spruce and herbaceous species such as Geranium
sylvaticum L., Gymnocarpium dryopteris (L.) Newm., and
Melica nutans L. characteristic of highly productivity, fer-
tile areas (Hagglund and Lundmark 1977). The two feather
mosses were mostly found on decaying wood (downed logs
and stumps) or near stem bases of conifers while other
mosses such as Rhytidiadelphus triquetrus (Hedw.)
Warnst., Brachythecium spp., and Mnium spp were grow-
ing directly on the ground among herbs and grasses. Soils
of the high fertility sites are Oxyaquic or Aquic Haplocry-
ods with a 10-cm Oa horizon underlain by a 5-cm A hori-
zon. All sites represented stand successional ages older then
120 years (estimated by tree ring counts).

Sampling of H. splendens and P. schreberi for N-fixa-
tion analysis within the fertility gradient was performed in
September 2004 when N-fixation rates were high. Four
samples of 30 shoots of each species were randomly taken
within each of the three fertility level stands at each of the
three sites. In total, 36 samples, each composed of 30
shoots, were analyzed for each species. This represents
approximately 8.4 cm? for P. schreberi and 29.4 cm? for H.
splendens. All samples were placed into a 60-ml culture
tube and analyzed for N-fixation using a 24-h field incuba-
tion and acetylene reduction assay as described below.

Season-long assessment of N-fixation rates

We also conducted a season-long in situ field assessment of
N-fixation rates at the Reivo forest reserve (65°47''N,
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19°06''E, 460 m above sea level), northern Sweden. The
studied forest is in a late successional stage after fire pertur-
bation about 350 years ago. The tree layer (average basal
area 22 m?) is dominated by a mixture of Norway spruce
and Scots pine, and the understory vegetation is formed by
ericaceous dwarf shrubs such as Vaccinium myrtillus,
V. vitis-ideae, and Empetrum hermaphroditum. Hylocomium
splendens and P. schreberi form a dense carpet in the forest
floor with a minor cover of other moss species (e.g., Dicra-
num fuscecens Sm., Ptilium crista-castrensis (Hedw.)
DeNot., and Barbilophozia lycopodioides (Wallr.) Loeske).
At each sampling, 10 shoots of H. splendens and P. schre-
beri were randomly collected from 12 separate 1 x 1 m
field plots with monospecific dominance of the respective
moss species. The 10 moss shoots were placed in 20-ml
glass culture tubes and analyzed for N-fixation using a 24-h
incubation and acetylene reduction assay as described
below. Samples were collected and field incubated on a
total of 33 occasions from August 2004 to October 2006.

To determine the amount of N fixed per unit area, 12 rep-
licate samples of mosses of both species were plugged out
using a 45-mm-diameter PVC tube, and dry weight and num-
ber of shoots per m? calculated for each of the 12 sample
points. Pleurozium schreberi and H. splendens were found to
posses an average area of 3.58 shoots cm ™2 (£0.18 SE) and
0.98 shoots cm ™2 (£0.08 SE), respectively. Percent ground
cover of field and bottom layer vegetation was also estimated
at the species level in 12 replicated large plots (11.3 m diam-
eter) according to Hagglund and Lundmark (1977). The ratio
between shoot numbers and area were also used for calculat-
ing N-fixation in the latitudinal study.

Acetylene reduction assay

Nitrogen-fixation rates were estimated using a calibrated
acetylene reduction technique (Schollhorn and Burris 1967).
Ten moss shoots were removed from each plot and placed
into a 20-ml glass culture tube. In the fertility gradient
experiment, 30 moss shoots were placed in a 60-ml culture
tube. In all cases, the tubes were fitted with a septum and
10% of the total headspace evacuated and replaced with
acetylene and settled back into the moss layer with the stop-
per down. Tubes were allowed to incubate for 24 h at a natu-
ral forest site near the laboratory in Arvidsjaur, after which
they were returned to the laboratory and analyzed for ethyl-
ene production. One ml of headspace was removed by use of
a gas sampling syringe and analyzed for ethylene by inject-
ing the sample into a gas chromatograph equipped with a
Porapak T column (1 m) and a flame ionization detector
(SRI Instruments, Torrence, California, USA). Data were
reported as acetylene reduced in pmol m~2 day ™.

The acetylene reduction assay was calibrated by incuba-
tion of moss shoots in tubes with acetylene followed by a
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parallel incubation with '°N ». Details on the calibration pro-
cess are described in DeLuca et al. (2007).

There are potential problems comparing mosses of
different sizes when placed in test tubes. The ratio of moss
shoot volume to assay tube volume was similar for the 30
shoots in the 60-ml tubes and 10 shoots in the 20-ml tubes;
however, shoot mass in the tubes differs between H. splen-
dens and P. schreberi. To determine whether the larger size
and thus higher density of H. splendens shoots in tubes
might result in reduced efficiency of the acetylene reduction
assay, we conducted a comparison of acetylene reduction
rates in tubes with variable moss volume. Fresh samples of
both P. schreberi and H. splendens were collected from
areas of known high fixation activity. Twelve replicate
samples of 10 or 30 moss shoots of each species were
placed into 60-ml polyethylene tubes and were fitted with a
septum and the acetylene reduction assay was performed as
described above. The tubes containing 30 shoots were
found to have approximately three times (2.75 for H. splen-
dens and 3.0 for P. schreberi) greater acetylene reduction
activity than that in tubes containing 10 shoots suggesting
that differences in shoot mass between P. schreberi and H.
splendens do not appear to represent a confounding factor
in the acetylene reduction assay.

A short-term study was also performed to evaluate if N-
fixation in H. splendens, as measured using the acetylene
reduction method, follows a linear pattern when experimen-
tally performed in glass tubes for a period of 24 h or more.
Six tubes with 10 moss shoots of H. splendens in each were
placed in a climate chamber with day/night cycle of 17 h/
7 h and a temperature cycle of 22°C/15°C. The tubes were
kept in the climate chamber for 30 h and acetylene reduc-
tion was measured at eight different occasions.

Identification and characterization of cyanobacteria

Shoots of H. splendens for identification of cyanobacteria
were collected in spring 2005 from plots used for the sea-
son long assessment of N-fixation at Reivo. Individual
pieces of moss shoots were placed on agar plates prepared
with BG11-N media. The plates were incubated in a growth
cabinet at 21°C with a light regime of 16h at
60 pmol m~2s~! and 8 h of darkness. As soon as a single
colony was observed on the plate surface, the colony was
transferred using a sterile plastic loop to a fresh BG11-N
agar plate. The cells were then harvested by centrifugation
and DNA was extracted as described in Gentili et al.
(2005).

The DNA obtained was amplified in the tRNA-
Leu(UAA) intron by use of a nested PCR. The outer prim-
ers were: 5'ggaattcGGGGRTRTGGYGRAAT3' and 5'tcce
GGGGRYRGRGGGACTT3'. The inner primers were:
5'agaattcGGTAGACGCWRCGGACTT3' and 5'acccggg



Oecologia (2009) 160:309-319

313

TWTACARTCRACGGATTTT3' as described in Gentili
et al. (2005). The obtained result was visualized by use of
an agarose gel run in electrophoresis. The reaction was
purified with the Viogene Kit “PCR-M Clean up system”
according to the manufacturer's description. Then, samples
were prepared for sequencing with a mixture of 300 fmol
DNA and 15 pmol of the primer in a total volume of 15 pl
dH,O, and sequencing was performed in an ABI
Sequencer. The obtained sequences were analyzed by com-
parison with the sequences in the NCBI database: http:/
www.ncbi.nlm.nih.gov/blast/Blast.cgi.

Statistical analysis

Descriptive statistical analyses were applied to all data sets.
Data from the north—south gradient were simply presented
using mean and standard error with no evaluation of mean
separation between sites. Nitrogen-fixation rates south of
64°N were compared to those north of 64°N and N-fixation
in P. schreberi was compared to that in H. splendens at this
latitudinal distinction using a students ¢ test. A two-way
Analysis of variance (ANOVA) was used to contrast N-
fixation rates across the two moss species at three fertility
gradient conditions at three study sites in northern Sweden.
A two-way ANOVA was used to contrast N-fixation rates
in the comparison of three rates of N fertilizer and two rates
of P fertilizer at a study site in northern Sweden. Since
there was no N fertilizer x P fertilizer interaction, a one-
way ANOVA was used to contrast treatments and the Fis-
cher’s least significant difference post hoc test was used to
determine mean separation in N-fixation rates with the
different N and P fertilizer treatments. Fisher’s test was also
used to determine mean separation in N-fixation rates
within moss species at the three fertility conditions and
three sites. Regression analyses were used to analyze the
influence of latitude on N-fixation rate with location serv-
ing as the independent variable. All data were analyzed for
conformation to the assumptions of parametric statistics.
Any data not conforming to these assumptions were trans-
formed prior to analysis or analyzed using non-parametric
analyses. All data were analyzed using SPSS.

Results

Nitrogen-fixation rates, as measured by acetylene reduc-
tion, in both P. schreberi and H. splendens were clearly
influenced by latitudinal position (Fig. 1). There is a
marked transition in N-fixation rates in cyanobacterial asso-
ciated with P. schreberi and with H. spendens at approxi-
mately 64°N. Nitrogen-fixation rates were significantly
greater (P < 0.001) in the northern regions as compared to
southern regions when data are grouped as south of 64°N
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Fig. 1 Nitrogen-fixation rates as measured by acetylene reduction in a
P. schreberi and b H. splendens at 40 individual sites along a latitudi-
nal gradient (59—-69°N) in Fennoscandia. Error bars represent 1 stan-
dard error (n = 12). Note differences in scale between the two mosses

and north of 64°N. At southern latitudes, there was no sig-
nificant difference in N-fixation rates between H. splendens
and P. schreberi whereas P. schreberi fixed significantly
more N (P <0.01) than H. splendens at latitudes north of
64°N

Nitrogen fertilizer applications of 10 kg Nha™! to the
moss layer reduced N-fixation rates in H. splendens (Fig. 2)
while the rate of 5kg N ha~' had no effect on N-fixation
rates. Phosphorus addition alone to the moss layer had no
effect on N-fixation nor was there a significant N x P inter-
action. This pattern was repeated at all four sampling peri-
ods over a 2year period with no treatment by time
interaction, thus Fig. 2 represents an average across all four
sample dates.

Nitrogen-fixation rates were found to be directly influ-
enced by site conditions at three fertility gradient sites in
northern Sweden (Fig. 3). Data were averaged across all
three sites as there was no significant site by fertility level
interaction. Each of these gradients consisted of three vege-
tative indicators of site fertility conditions: (1) low fertility,
lichen heath; (2) medium fertility, ericaceous shrub; and (3)
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Fig. 2 Nitrogen-fixation rates as measured by acetylene reduction in
H. splendens as influenced by N and P fertilizer treatments (C control,
IN5kgNha™!, HN10kgNha™!, P5kgPha~') averaged across
four sample dates over a 2-year period. Differences (P < 0.05) in N-fix-
ation between the fertility gradient sites (within species) are indicated
by different letters as determined using Fisher’s LSD multiple range
test. Error bars represent 1 standard error (n =7)
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dients in northern Sweden with four subplots per gradient at each site.
Differences (P < 0.05) in N-fixation as influenced by fertility gradient
(within species) are indicated by different letters as determined using
Fisher’s LSD multiple range test. Error bars represent 1 standard error
(n = 3) for data averaged across the three separate sites

high fertility, herbaceous vegetation (see “Materials and
methods”). There was a significant effect of fertility condi-
tion on N-fixation in both mosses (P < 0.001) and a signifi-
cant effect of moss type on N-fixation rates. Pleurozium
schreberi had higher N-fixation rates in the medium and
low fertility site than in the high fertility herb site (Fig. 3).
Hylocomium splendens was completely absent from the
low fertility heath site and had significantly higher rates of
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enced by date, measured from August 2004 through October 2006 at
the Reivo Forest reserve in northern Sweden. Error bars represent 1
standard error (n = 12)

N-fixation in the high fertility herb site compared to the
medium fertility ericaceous sites.

Nitrogen-fixation rates in both P. schreberi and H. splen-
dens followed a distinct trend with season when measured
from August 2004 through October 2006 (Fig. 4). Nitro-
gen-fixation increased in spring to a peak in June, followed
by a sharp decrease in July and a subsequent peak in
September. Activity was measured into late October once
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snow cover was established. Pleurozium schreberi and
H. splendens had a ground cover of 44 and 36%, respec-
tively at the Reivo site where the season long assessment of
N-fixation was performed. Moss shoot density was 3.6 and
1.0 shoot cm ™2 for P. schreberi and H. splendens, respec-
tively. The shoot density and ground cover data were used
to scale up the acetylene reduction values to ecosystem
N-fixation rates (as described in “Materials and methods”).
The total feather moss N-fixation was estimated at 1.4 kg
ha~! year™! for 2005 and 1.8 ha~! year™! for 2006. In 2005
and 2006, P. schreberi contributed 0.8 and 1.3kg
ha™! year™!, respectively, and H. splendens contributed 0.6
and 0.5 kg ha™! year™, respectively.

There was no diurnal variation in N-fixation rates as
measured as acetylene reduction (data not shown).
Interestingly, the N-fixation rates steadily rose during
the period of measurement from the morning, when
the experiment started, and continued this trend through
the night, reflecting N-fixation during periods of
darkness.

By use of PCR amplification, we found that the cyano-
bacteria on the leaves of H. splendens is a Nostoc sp., Pelti-
gera pruinosa cyanobiont (AF509435.1; Rikkinen et al.
2002). The sequence is TCAAAACTCCTAACTCATA
ACTGTTCGGAAGGTGCAGAGACCCGA-GGGGAGC
TACCCTAACGTTAAGTCGAGGGTAAAGGGAGAGT
CCAATTCTCAAAATCTGAGCAAGCTATTGTCATCA
GGTAGCAGTGAAAACTGCGGGAGAATGAAAATCC
GTTGACCGTAA. In addition, species of Stigonema were
found and identified by use of microscopy, but it was not
possible to isolate this organism.

In contrast, the sequence for Nostoc sp. Placopsis parel-
lina cyanobiont found on P. schreberi is: CTCTCAGACTC
AGGGAAACCTAAATCTGGTGACAGACATGGCAAT
CCTGAGCCAAGCCCAAAAATTTTAGATTTGCGATT
TTAGATTTGGGATTAATTTTCAATCCAAAATCCAA
AATCCAAAACCCAAAATTGAGGGAAGGTGCAGAG
ACCCGACGGGAGCTACCCTAACGTTAAGTCGAGG
GTAAAGGGAGAGTCCAATTCTTAAAACCTGAACT
GGCTATAGCTATCAGGTAGCAGTGAAAACTGCGGA
AGAATGAAAATCCGTCGATTGTA.

There is a 92% similarity between the two sequences
(ncbi blast alignment, http://www.ncbi.nlm.nih.gov/BLAST/
bl2seq).

Calibration of the acetylene reduction method using >N,
gas demonstrated a ratio between ethylene formed and N,
reduced of 3.3 for H. splendens which is just slightly higher
than the ratio of 3.0 reported for P. schreberi (DeLuca et al.
2002, 2007). However, since the N fixing cyanobacteria
associated with H. splendens are similar to that reported for
P. schreberi (Gentili et al. 2005), we used the ratio of 3.0
for both feather moss species when converting acetylene
reduction rates to N-fixation per unit area.

Discussion

Hylocomium splendens was found to be highly similar to
P. schreberi in terms of serving as a host to cyanobacteria
associates throughout northern Fennoscandia. This relation-
ship appears to be specific to these two feather mosses
along with Ptillium crista-castrensis which is also found to
harbor cyanobacterial associates (see also Solheim et al.
2004; Houle et al. 2006), but little or no N-fixation was
observed in any other typical forest mosses in northern
Sweden (Zackrisson, unpublished data) excluding Sphag-
num. Together, P. schreberi and H. splendens often make
up 80-90% of the moss cover in boreal forests making
these two the most important species with regard to N accu-
mulation in boreal ecosystems (data from the Swedish For-
est Survey).

Nitrogen-fixation rates were found to be higher in cyano-
bacteria associated with P. schreberi as compared to those
in H. splendens (Fig 1). Although P. schreberi accounts for
greater ground cover at northerly latitudes, the differences
in N-fixation along the latitudinal gradient do not include
relative percentage cover, rather they are based on total
acetylene reduction per m? assuming 100% cover within
that area. The relative increase in total N-fixation with
increasing latitude is likely a function of the diminishing N
deposition along this same gradient (Phil-Karlsson et al.
2003), as increased N deposition has been found to yield
decreased N-fixation rates in feather mosses (DeLuca et al.
2008). Although it is clear that spatial and temporal varia-
tion influenced results along the north—south gradient, vari-
ation in N-fixation in both species of moss was greatly
explained by increasing latitude with N-fixation rates
increasing exponentially with latitude (y = 3E — 10e*E4~0%,
R?=0.63, P <0.001).

The results from the N fertilization experiment at Reivo
support the notion that increasing N deposition decreases
N-fixation rates (Fig 2). In a separate study, low rates of N
fertilization were found to greatly reduce N-fixation rates
associated with P. schreberi (Zackrisson et al. 2004; DeLLuca
etal. 2007). Interestingly, N-fixation rates in H. splendens
were found to be somewhat less sensitive to low dosages of
N fertilizer compared to P. schreberi which may partially
explain why H. splendens is capable of fixing N at southern
latitudes with higher atmospheric N depositions where
P. schreberi seemed to be inactive. Phosphorus applications
did not significantly (P > 0.05) alter N-fixation rates when
applied with N, nor did P alone significantly increase
N-fixation in either moss species. This differs somewhat
from earlier findings which suggested that P fertilization
increased N-fixation in shoots of P. schreberi (Zackrisson
et al. 2004), implying some level of P limitation in this species.

Moss samples collected from three natural fertility gradi-
ents in northern Sweden demonstrated a close link between
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natural resource availability and N-fixation rates in both
mosses. Data presented for this gradient do not take into
account total coverage of the mosses at these sites, although
it is reported on a square meter basis. Nitrogen-fixation in P.
schreberi was highest in the low fertility plots and the low-
est in the high fertility stands (Fig. 3). The understory of the
low fertility stands at each site was dominated by reindeer
lichens and P. schreberi, but more or less lacked the pres-
ence of H. splendens making it impossible to test N-fixation
in H. splendens. The mid-fertility stand was dominated by
dwarf shrubs (Vaccinium spp. and E. hemaphroditum) and
demonstrated intermediate N-fixation rates in both moss
species. The high fertility stands were dominated by various
herbaceous species including Geranium sylvaticum L.,
Gymnocarpium dryopteris (L.) Newm., and Melica nutans
L. The presence of feather mosses in these stands was
greatly limited, to just that on decaying logs and stumps.
The low amounts of N fixed at that herb site came almost
exclusively from cyanobacteria associated with H. splen-
dens as the contribution from P. schreberi was minimal.

The mechanism for the low N-fixation rates in mosses in
the high fertility stand is not completely clear. These high
fertility stands have much greater levels of N turnover than
lower fertility stands (Hogberg et al. 2006) and are poten-
tially more P limited (Giesler et al. 2002). Early succes-
sional stands that exhibit higher levels of N availability
have been found to have lower levels of N-fixation within
feather mosses which may be attributed to greater through-
fall N deposition (Zackrisson et al. 2004; DeLuca et al.
2008). Stands that had higher rates of N deposition were
also observed to have extremely low rates of cyanobacterial
colonization while stands with low N deposition had high
rates of colonization (DeLuca et al. 2007). All three fertility
gradient sites examined in this study exhibited a similar
pattern wherein the high fertility herb site exhibited the sig-
nificantly greater N content in throughfall and wet deposi-
tion compared to the medium and low fertility stands (data
not shown) and, accordingly, the high fertility sites had the
lowest levels of N-fixation in mosses.

Seasonal changes in N-fixation rates were similar in H.
splendens and P. schreberi (Fig. 4). Both species exhibited
a distinct drop in N-fixation rate in mid-summer, a pattern
that has been repeatedly observed in P. schreberi (DeLuca
et al. 2002; Zackrisson et al. 2004). This drop to near non-
detectable levels of activity could be a function of drying
mid-season conditions (cf. Chapin etal. 1991; Solheim
et al. 2002) or it could be a function of photo-inhibition of
the feather mosses (cf. Murray et al. 1993) as both of these
conditions are greatest under the 24-h light conditions that
prevail in late June and most of July. The lower N-fixation
rates reported for H. splendens compared to P. schreberi is
both a function of lower fixation rates per moss shoot and a
lower density of moss shoots per unit area. The total ground
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cover is also somewhat lower (36% for H. splendens com-
pared to 44% for P. schreberi) at the study site. It appears
that P. schreberi is the primary source of N via cyanobacte-
rial N-fixation in northern boreal ecosystems where the two
species co-dominate (see also Fig. 1). The mean total N-
fixation of 1.6 kg ha™! year™! for the period 2005 and 2006
is somewhat lower than we have previously reported for
late successional forests exclusively dominated by P. schre-
beri in this region (DeLuca et al. 2007). Site conditions
which favor H. splendens and allow a co-dominance of the
two feather mosses appear to reduce the total ecosystem N-
fixation compared to conditions that favor pure P. schreberi
carpets at similar late successional stages. We assume that
higher N turnover in sites with a mixture of the two mosses
may be a factor that down-regulates N-fixation in P. schre-
beri (DeLuca et al. 2008). Since cyanobacteria associated
with H. splendens only fix about half that in P. shreberi, it
proportionally adds to the lower levels of N-fixation found
in carpets of pure P. schreberi.

The N contribution from the cyanobacterial-feather moss
association in forests south of latitude 64°N is greatly
restricted (on average about 0.1 kg ha™! year™! calculated
from the assumption of 75% ground cover and co-domi-
nance of the two feather mosses and a total season of
200 days of N-fixation). This pattern is likely best
explained by the much higher atmospheric deposition of N
found at lower latitudes (Phil-Karlsson et al. 2003; Fisher
et al. 2007) that appears to reduce moss N-fixation (Zack-
risson et al. 2004; DeLuca et al. 2008). The mean N contri-
bution from feather moss N-fixation north of latitude 64°N
was ten-fold higher (on average about 1.1 kg ha~! year™!
for the sites studied) and may represent somewhat more
natural levels of moss N-fixation that existed before the
industrial era started. However, P. schreberi appears to be
extremely sensitive to low doses of increased N deposition
(DeLuca et al. 2008) and may therefore have faced reduced
N-fixation rates at many northern sites (especially sites near
settlements, roads and industrial sites) long before the
anthropogenic air pollution effects was first noticed some
50 years ago. The air pollution effects on H. splendens may
have been less dramatic over time, but is still of signifi-
cance for existing patterns of N-fixation found along the
north—south gradient.

Interestingly, there was a difference in efficiency in N-
fixation between the cyanobionts on P. schreberi and H.
splendens, with the latter being less efficient. This is most
likely due to the fact that the Nostoc cyanobiont inhabiting
the two mosses are different, which is also verified with the
molecular analysis of the cyanobiont showing 95% similar-
ity to Nostoc sp. Placopsis parellina cyanobiont for P.
schreberi (Gentili et al. 2005) and 97% similarity to Nostoc
sp. Peltigera pruinosa for H. splendens. The fact that both
H. splendens and P. schreberi from the same site harbor
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different Nostoc cyanobionts strengthens the notion that
plant associations with cyanobacteria are highly selective.
Selection (cost-benefit driven) in resource rich and resource
poor habitats of these two feather mosses is likely a signifi-
cant evolutionary driver of those differences we observed
between the moss cyanobionts. Feather mosses and cyano-
bacteria are both extremely old organisms and may have
coexisted for over 400 million years (Wellman et al. 2003;
Usher et al. 2007). Evolution during this period may have
led to a variety of associations between cyanobacteria and
feather mosses as an adaptation strategy to allow coloniza-
tion in varied geologic strata and climatic conditions world-
wide. The epiphytic cyanobacterial associations found on
feather mosses includes several genera (at least Calotrix
sp., Stigonema sp., and Nostoc sp.) each with unique eco-
logical characteristics such as temperature optima (DeLuca
et al. 2002; Solheim et al. 2004; Gentili et al. 2005; Houle
et al. 2006; DeLuca et al. 2007). It is tempting to speculate
that the global success of these two feather mosses is at
least partly dependent upon the ability to form functional
associations with a range of cyanobacteria. Diversity and
specificity of epiphytic cyanobacteria is, however, poorly
understood (Adams and Duggan 2008), making it difficult
to ascribe such cyanobiont characteristics to the global pro-
liferation and function of the two feather mosses.

It seems reasonable to assume that the “Hylocomium N
availability paradox” (N in precipitation and throughfall
cannot account for the N used for growth) originally
described by Tamm (1953, 1964) may partly be explained
by the N input from cyanobacteria living in association
with the moss. The amount of N fixed by cyanobacteria
may be comparable to that delivered with precipitation (ca.
2 kg N ha~! year™!) in northern Fennoscandia where levels
of atmospheric N are low (Lagerstrom et al. 2007). Unfor-
tunately, it is difficult to determine the portion of the N bud-
get in mosses that is accounted for by cyanobacteria.
Further studies are required to quantify the amount of fixed
N that is acquired and recycled by feather mosses and how
that is influenced by other N sources available for moss
growth (cf. Ayres et al. 2006; Startsev and Lieffers 2006;
Salemdd etal. 2008; Mankovska and Oszlanyi 2008).
Experiments that include the N-budgets of these two
feather mosses must also take into account the potential N
input of epiphytic cyanobacterial associations. Importantly,
however, the transfer and availability of fixed N to other
boreal biota and soils remains poorly understood and
requires further attention.

Conclusion

The two feather mosses, H. splendens and P. schreberi,
fix substancial amounts of nitrogen in association with

cyanobacteria in northern boreal forests. While P. schre-
beri has much higher (approximately double) N-fixation
capacity at northern latitudes, both species fix N at similarly
low levels at southern latitudes potentially as a result of the
higher levels of anthropogenic N deposition in this region.
The ecological niche separation for the two mosses found
along natural fertility gradients is also reflected in their
respective N-fixation rates in association with cyanobacte-
ria. Nitrogen-fixation is highest in communities dominated
by P. scheberi at poor sites while H. splendens communi-
ties appear to fix more N in more fertile locations. The cya-
nobacteria—P. schreberi association seems to be more
negatively influenced by the input of exogenous or ecosys-
tem recycled N compared to H. splendens.

The extremely broad global distribution of both these
feather mosses is a unique characteristic. It is likely that the
epiphytic association with cyanobacteria is one of the key
factors contributing to the ability of these species to suc-
cessfully occupy or dominate such a broad array of habitats
where N available for plant growth is limited. Feather moss
communities, in arctic, boreal, and temperate biomes, may
together represent some of the greatest single N-fixing
capacity (at least prior to anthropogenic down-regulation)
of all terrestrial plant communities, not by an extremely
high nitrogen fixation capacity per unit area but through the
enormous large global distribution. Pleurozium schreberi
alone may have the largest total N-fixing capacity of all nat-
urally distributed species on earth.
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