Plant Ecol (2012) 213:695-706
DOI 10.1007/s11258-012-0034-4

Moss-specific changes in nitrogen fixation following two
decades of warming, shading, and fertilizer addition

Pernille L. Sorensen - Signe Lett -
Anders Michelsen

Received: 6 July 2011/ Accepted: 13 February 2012 /Published online: 6 March 2012

© Springer Science+Business Media B.V. 2012

Abstract Climate warming will induce changes in
Arctic ecosystem carbon balance, but besides climate,
nitrogen availability is a critical controlling factor of
carbon cycling. It is therefore essential to obtain
knowledge on the influence of a changing climate on
nitrogen fixation, as this process is the main source of
new nitrogen to arctic ecosystems. In order to gain
information on future nitrogen fixation rates in a
changing climate, we studied the effects of two
decades of warming with passive greenhouses, shad-
ing with sackcloth, and fertilization with NPK fertil-
izer on nitrogen fixation rates. To expand the
knowledge on species-specific responses, we mea-
sured nitrogen fixation associated with two moss
species: Hylocomium splendens and Aulacomnium
turgidum. Our expectations of decreased nitrogen
fixation rates in the fertilizer and shading treatments
were met. However, contrary to our expectation of
increased nitrogen fixation in the warming treatment,
we observed either no change (Hylocomium) or a
decrease (Aulacomnium) in fixation in the warmed
plots. We hypothesize that this could be due to moss-
specific responses or to long-term induced effects of
the warming. For example, we observed that the soil
temperature increase induced by the warming
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treatment was low and insignificant as vegetation
height and total vascular plant cover of the warmed
plots increased, and moss cover decreased. Hence,
truly long-term studies lasting more than two decades
provide insights on changes in key biogeochemical
processes, which differ from more transient responses
to warming in the Arctic.
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Introduction

Arctic ecosystems are exposed to rapid warming, as
global climate changes strike hardest at high latitudes
(Arctic Climate Impact Assesment (ACIA) 2005;
IPCC 2007). It is predicted that temperatures will
increase by 3—8°C over the next century and that these
changes will have substantial impact on biogeochem-
ical cycling in the Arctic, including accelerated loss of
carbon stored in soil organic matter resulting from
temperature induced increased microbial activity
(Dorrepaal et al. 2009). At the same time, a warmer
climate is also believed to induce higher primary
productivity, and hence, increase the carbon sink
strength of Arctic ecosystems and, to some degree,
counteract carbon losses from the soil. However,
primary productivity is not only limited by the harsh
climate but also by the low availability of nutrients,
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especially nitrogen (N) (Chapin and Shaver 1996;
Jonasson and Shaver 1999; Nadelhoffer et al. 1992),
and it is uncertain to which degree productivity will
change as a result of increasing temperatures. It is
predicted that mineralization will run faster as tem-
peratures increase (Jonasson et al. 1999b; Nadelhoffer
et al. 1997), but whether this will lead to higher
nutrient availability for plants is uncertain, as micro-
bial immobilization is high (Jonasson et al. 1999a;
Schimel et al. 1996; Sorensen et al. 2008a). In the
Arctic, biological N, fixation mainly by cyanobacteria
associated with mosses is the main source of new N to
the ecosystems (Chapin et al. 1991; Sorensen et al.
2006), and climate induced changes in N, fixation is a
significant control on nutrient availability and, poten-
tially, carbon balance in the Arctic.

Mosses make up a high proportion of the vegetation
in most Arctic ecosystems. They influence ecosystem
functioning in many ways: by contributing to the net
primary productivity (Campioli et al. 2009), by
influencing soil temperature and moisture levels
(Gornall et al. 2007), and by hosting N, fixing
cyanobacteria, that contribute substantially to the N
input to the ecosystems (DeLuca et al. 2002; Solheim
and Zielke 2002; Zielke et al. 2005; Sorensen and
Michelsen 2011). Moss-associated N, fixation is not
the only source of N, fixation in the Arctic. Lichens
may host cyanobacteria, and N, fixing, free-living
bacteria are found in top soil, especially in areas with
surface crusts (Deslippe and Egger 2006; Liengen and
Olsen 1997). However, as mosses dominate the
vegetation in most of the Arctic, the potential for high
amounts of N, fixed by moss-associated bacteria is
significant (Gavazov et al. 2010; DeLuca et al. 2002;
Solheim and Zielke 2002). Studies have shown that N,
fixation in the Arctic is pronounced, and in some cases,
the amount of incoming N via fixation should be
sufficient to sustain the N demand by vegetation
(Dickson 2000; Sorensen et al. 2006).

Moss-associated N, fixation rates are altered by
abiotic factors such as temperature, light income, soil
water, and nutrient content (Belnap 2001; Chapin et al.
1991; Sorensen et al. 2006; Zielke et al. 2002).
Fertilization with high amounts of N reduces N,
fixation rates (Liengen 1999; Zackrisson et al. 2009),
while low amounts of extra N and, in particular, P
supplied from decaying litter may increase N, fixation
(Sorensen and Michelsen 2011). Warming is reported
to either increase (Sorensen and Michelsen 2011) or
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have no effect (Bjerke et al. 2003; Deslippe et al. 2005;
Sorensen and Michelsen 2011) on N, fixation rates
measured in the field under Arctic conditions, depend-
ing upon moisture conditions. Laboratory incubations
show maximal N, fixation rates in mosses at temper-
atures, well above normally observed temperatures in
the Arctic (Chapin et al. 1991; Liengen 1999; Zielke
et al. 2002). Climate change could also affect N,
fixation through other ways than direct warming. Total
vegetation cover is likely to increase, with increased
biomass of deciduous shrubs and reduced cover of
mosses, (Van Wijk et al. 2003), and as N, fixation rates
are correlated with moss cover (Deslippe et al. 2005),
this could lead to decreased N, fixation rates.

Changes in Arctic vegetation cover after experi-
mentally induced climate change appear to be very
slow (Wookey and Robinson 1997), and hence,
changes in N, fixation rates because of a changing
climate are believed to be resistant. In this study, we
measured rates of N, fixation associated with two
widespread and common moss species in a field
experiment after 21 years of warming, shading, and
fertilizer addition treatment. Shading was intended to
simulate both enhanced cloud cover and the expansion
of the forest beyond the current tree-line, and fertilizer
addition simulates enhanced soil nutrient availability
as a component of warming. We expected that
warming would increase N, fixation if water supply
was non-limiting, that shading would reduce N,
fixation and that fertiliser addition would reduce N,
fixation, because the cyanobacteria only fix N, when
this resource is limiting growth.

Materials and methods
Site description

This study was conducted near Abisko Scientific
Research Station, Northern Sweden (68°21N,
18°49E). The annual mean temperature is —0.5°C
and the temperature is 11°C in July, with a mean
annual precipitation at 315 mm (1960-1990) (Abisko
Scientific Research Station, www.ans.kiruna.se).

The site is a subarctic dry heath just above the tree-
line at 450 m above sea level. The climate is montane
subarctic, with a growing season of approximately
3 months, lasting from mid-June to early mid-Sep-
tember. The vegetation is dominated by dwarf shrubs,
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mainly Cassiope tetragona, Empetrum hermaphrodi-
tum, and Vaccinium uliginosum. Total moss cover at
the site is 36 = 4% and the cover of the two mosses
used in the N, fixation measurements in the present
experiment, Hylocomium splendens and Aulacomnium
turgidum is 11 £ 3 and 4 £ 2%, respectively
(mean £ SE, vegetation cover analyzed on 21 July,
2009 in 30 squares that measured 50 x 50 cm placed
5 m apart on a transect just outside the experimental
plots). The experimental setup of the site was initiated
in 1989, and the measurements of N, fixation and moss
nutrient content for this paper were conducted in 2009
during late spring and summer. It consisted of six
treatments: control, shading by sack cloth, warming by
open top, transparent, dome-shaped plastic green-
houses, fertilizer addition, fertilizer + shading, and
fertilizer + warming. The treatments were replicated
across six blocks within an area of ~400 m?. Each
year in early June, just after snowmelt and until the end
of August, the temperature was raised by erecting
dome-shaped plastic greenhouses witha 1.2 x 1.2 m
surface area. The greenhouses enhanced mean air
temperature in 1991-1995 by 3.9°C, and soil temper-
ature by 0.9-2.0°C (Michelsen et al. 1996; Ruess et al.
1999) above an average growing season air and soil
temperature of 10.9 and 7.7°C, respectively, in the
control plots, and the greenhouses reduced photosyn-
thetically active radiation by 9% (Havstrom et al.
1993; Michelsen et al. 1996; Rinnan et al. 2007). NPK
fertilizer dissolved in water was added each year soon
after snowmelt in June at a dose of 4.9 g m~ for N,
1.3 gm 2 for phosphorus (P) and 6.0 g m 2 for
potassium (K) in 1989. From 1990 to 2009, the
additions were 10.0, 2.6, and 9.0 g m_z, respectively,
except from three of the 20 years, 1993, 1998, and
2001, where no fertilizer was applied because we
wanted to avoid potential interference with ongoing
measurements. The fertilizer was dissolved in 21
water per plot, and after addition, all plots received an
additional 2 1 water to remove any remaining fertilizer
from leaf surfaces.

N, fixation assays

We used the acetylene reduction assay as an indirect
method to estimate N, fixation (Stewart et al. 1967).
Acetylene (C,H,) is reduced to ethylene (C,H4) by
nitrogenase in the N,-fixing microorganisms.

All measurements of acetylene reduction were
performed on moss cores. This approach was chosen
because measurements on entire vegetation surfaces
using chambers mounted on flux frames were not
feasible on this mesic-dry heath due to unavoidable
excessive loss of acetylene and ethylene diffusing
through the porous soil. Instead, we measured fluxes
from moss cores kept in PVC containers during the
assay (Sorensen and Michelsen 2011). The cores were
taken with a soil auger, and had a cylindrical shape;
5 cm in diameter and c. 7 cm high, consisting of intact
moss vegetation on the surface plus the underlying,
highly organic soil collected within the long-term
ecosystem manipulation plots. When preparing the
cores, we avoided vascular plants, so that the vege-
tation in the cores consisted solely of mosses. We
placed the cores in nylon mesh bags (50 pm mesh size;
Sintab, Sweden), and set them back into the hole in the
ground, from where the core originated, whenever we
were not doing assays. When performing acetylene
reduction assays, we placed the cores in separate,
closed transparent PVC containers with a volume of
0.5 1. We placed a vial with calcium carbide (CaC,)
inside the container and injected water into the vial
through a rubber septum placed on top of the chamber.
The amount of CaC, was adjusted to release approx-
imately 10% v/v acetylene to the chamber atmosphere.
Syringe samples of 10 ml were taken, 2 min after the
injection of water, and again after 2 h. The chambers
were placed within the plot from where the core
originated, during the assay. After the assay, we
measured the core soil temperature at 2 cm depth and
weighed the core to calculate the water content. The
air-filled syringes were secured with rubber stoppers
until analysis of ethylene and acetylene, which took
place within 24 h after the sampling. Acetylene and
ethylene concentrations were measured on a Shima-
dzu GC-14B gas chromatograph (GC) equipped with a
Porapak N column, a FID detector and with injector,
column and detector temperature at 250, 60, and
120°C, using He as carrier gas.

On May 15, 2009, we established cores dominated
by the moss Hylocomium splendens in all treatments,
by choosing places with high cover of Hylocomium.
We performed the acetylene reduction assay in the
field on these cores on May 15, June 13, July 9, July
19, and 27, and August 4, 18, and 21. Furthermore, on
July 11, 2009, we established cores in places with
dense cover of the moss Aulacomnium turgidum in the
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control, shade, warmed, and fertilizer treatments, to do
additional acetylene reduction measurements with a
different moss species. In the Aulacomnium cores, we
did not measure ethylene production rates in the
combined treatments, and only for a part of the season,
due to time constraints on GC analysis of gas samples.
In order to provide optimal moisture conditions for N,
fixation, these cores were watered with 30 mL of
water from a near-by stream 2 days prior to acetylene
reduction assays, which took place on July 11, 21, and
29, and on August 6 and 10, 2009.

Plant cover and nutrient content

On July 16, 2008, vegetation cover in control and
warmed plots was estimated in 100 points per plot
using a 50 x 50 cm pin-point frame.

On August 30, 2009, after the last acetylene
reduction assay, the cores were dried at 80°C,
weighed, and brought to the laboratory in Copenha-
gen. We counted moss shoots and separated the cores
into a green moss fraction i.e., the top 2 cm of each
core, and a brown moss fraction i.e., the layer from 2 to
7 cm depth. The samples were acid digested and
analyzed for total N and P using a Fiastar 5000 flow
injection analyzer (Foss Tecator, Sweden).

Statistical analysis

Data means were compared by analyses of variance
(ANOV As) with type III sum of squares by the GLM
procedure (SAS Institute v.9.1 2002-03; SAS Insti-
tute, Cary, NC). Results with P < 0.05 were regarded
as statistically significant, although marginally signif-
icant (P < 0.1) results were also reported. For Hylo-
comium, soil temperature, soil water content, and
ethylene production rates were analyzed using three-
factor repeated measurements ANOVA, with shade,
warming, and fertilizer as main factors, with interac-
tions between shade and fertilizer and between
warming and fertilizer included, and with time as the
repeated effect. For Aulacomnium, the model was a
repeated measurement three-way ANOVA with time
as the repeated factor. In addition, we also analyzed
each measurement occasion (date) separately using
three-factor ANOVAs, with shade, warming, and
fertilizer and (Hylocomium only) the combined treat-
ments. The effect of block was included in the models
whenever the block effect was below P = 0.20, to
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account for any underlying gradients at the site not
related to treatments. In addition, we included the
effect of water content in the cores as a covariate in the
models whenever the water content effect was below
P = 0.20, to account for any changes in water content
by the treatments, on the ethylene production. Before
performing the ANOVAs, we analyzed the data for
homogeneity of variances by Levene’s test and, if
necessary, carried out the appropriate transformations.
Models were improved by stepwise removal of
interactions far from significance (P > 0.20). Spear-
man correlations were used to test for relationships
between ethylene production and soil temperatures
and soil water content.

Results
Field measurements of ethylene production

The overall growing season ethylene production over
the measurement campaign in the Hylocomium cores
ranged between 0.8 pmol ethylene m~>h™' in the
shade + fertilized plots to 7.6 pmol ethylenem > h™"
in the control plots (Fig. 1a). In the Aulacomnium cores
the range was from 1.7 pmol ethylene m~> h™'in the
fertilized plots to 12.0 pmol ethylene m > h™" in the
control plots (Fig. 1b). The ethylene production was
generally higher in the Aulacomnium cores, probably
because we added water to the Aulacomnium cores
before the measurements and not to the Hylocomium
cores.

In the Hylocomium cores the ethylene production
rates, analyzed over the whole measurement period
with repeated measurement ANOVA, were reduced
significantly (P = 0.0002) by 89% in the fertilized
plots compared to the control plots, and this effect was
also significant on most of the individual measurement
dates (Fig. 1a). The repeated measurement ANOVA
did not show more main effects of the treatments, but
there was a significant interaction between the shade
and the fertilizer treatment, caused by a non-signifi-
cant increase of the ethylene rate in the shaded + fer-
tilized plots. Surprisingly, we found few effects of
warming, except for a near-significant positive effect
on June 13 and a significant negative effect on August
21.

For the Aulacomnium cores, the overall effects of
the fertilization were similar to that of the Hylocomium
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(Fig. 1b), with a significant (P = 0.0003) reduction of
the ethylene production after fertilization by 85%
compared to the control plots, and furthermore the
ethylene production halved in the shaded and warmed
plots, compared to control plots. The rates varied with
time, with very low rates on July 21 and August 6,
compared to the other measurement times. At these

two measurement dates we found no effects of either
the shade, warming, or fertilizer treatment with three-
way ANOVAs (P > 0.36), which probably caused the
observed significant interactions between date of
measurement and the treatments. Analyses for effects
of treatments on the different measurement dates
separately showed that there was a negative effect of
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water content of the Hylocomium cores varied signif-
icantly with time (P < 0.0001) and was the highest in
mid May, only a few days after snowmelt, and the
lowest at July 9 and on August 4 (Fig. 2b). The water
content was, analyzed over the whole season, reduced
significantly with 15% in the warmed plots compared
to the control plots. However, when we included water
content as a covariate in the statistical tests of
treatment effects on ethylene production, we found
no effects of these changes. The Aulacomnium cores
were watered 2 days before the measurements, and we
therefore did not find any effects of treatments on soil
water content either over the whole measurement
period or on the individual measurement days
(Fig. 2d). However, the water content varied slightly
with time, with lowest soil water content on July 21
and August 6.

In the unfertilized plots, the N, fixation rate
increased significantly with increasing water content
in both species, whereas in the fertilized plots, there
was no correlation between N, fixation and water
content (Fig. 3).

Vegetation cover of the plots

The analysis of the control and warmed plots showed
that warming had increased both the coverage of
vascular plants and plant height in the warmed plots
significantly (Table 2). The cover of deciduous shrubs
tended to increase, and the dominant evergreen dwarf
shrubs increased significantly with warming, whereas
the cover of graminoids and forbs were relatively low
and unchanged. The cover of mosses was in the
warmed plots reduced to one-third of the coverage in
control plots. In addition, the coverage of lichens
decreased with warming to only 25% of that in control
plots.

Discussion
N, fixation and climatic changes

Our study provides novel information on the environ-
mental controls and temporal changes in N input
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Fig. 3 Relationships between core water content and ethylene
production rates in a Hylocomium and b Aulacomnium cores. Each
dot represents data from one date. Filled dots are from un-fertilized
plots (control, shade and warming, n = 24 in Hylocomium
and n = 15 in Aulacomnium) and unfilled dots are from fertilized
plots (Hylocomium cores: fertilized, warmed + fertilized,

Table 2 Mean coverage (%) of different plant functional types
and plant cover height (SE) in the control and warming
treatment in vegetation analysis of 100 pin-points in 2008,
20 years after the experiment was initiated. The table also

shade + fertilized, n = 24, Aulacomnium: fertilized alone plots,
n = 5). The correlation coefficients (+*) and P values are in the
Hylocomium plots: 7* = 0.77 and P < 0.0001 in the unfertilized
plots and 7 =0.11 and P = 0.11 for the fertilized plots and in
Aulacomnium plots: r* = 0.69 and P = 0.07 for the unfertilized
and # = 0.70 and P < 0.0001 for the fertilized plots

shows the F and P values of one-factor ANOVA’s for the
different plant functional groups, and plant height. Data in bold
are significant (P < 0.05) or near significant (P < 0.10)

Response variable Coverage F value P value
Control Warming
Graminoids 14.0 (6.3) 4.0 (0.9) 2.46 0.1476
Forbs 9.3 (2.5) 8.8 (3.1) 0.02 0.9036
Deciduous 33.0 (4.3) 48.0 (6.4) 3.79 0.0802
Evergreens 75.0 (7.4) 116.7 (10.0) 11.25 0.0073
Total vascular 131.3 (6.1) 177.5 (10.9) 13.63 0.0042
Lichens 10.7 (2.6) 2.8 (1.2) 7.30 0.0220
Mosses 48.0 (3.8) 15.5 (6.0) 2091 0.0010
Litter 27.7 (5.1) 65.5 (5.2) 26.66 0.0004
Total no. hits 190.0 (8.1) 195.8 (6.3) 0.32 0.5821
Height of vegetation (cm) 9.1 (1.1) 13.7 2.2) 345 0.0927

through N, fixation to arctic, N-limited ecosystems.
This study includes data for most of the snow-free
season, from within 1 week after snow melt until late
summer at the onset of leaf fall. In addition, the
20 years of continued treatments offer a unique
possibility to predict long-term effects on ecosystem
N cycling.

Among the treatments, fertilization gave the most
pronounced effects, with a doubling of the N concen-
tration in the top moss shoots of both Hylocomium and
Aulacomnium, and a clear reduction in N, fixation
rates in both moss core types, despite a higher number
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of moss shoots in the fertilized cores. The mechanism
behind this decrease is not fully clear. The added
amount of fertilizer, which was 10 g N m~2 year™ ',
highly exceeds both the present atmospheric deposi-
tion of N in the area, which is estimated to
0.23 g N m ? year ' (Karlsson et al. 2009) and it is
also much higher than predictions for future N
deposition. The added amount of fertilizer also
exceeds the N mineralization rate of the plots, which
is less than 1 ¢ N m~2 year ' (Schmidt et al. 1999,
2002). Nevertheless, in experiments with '°N pulse
labeling of soil, in or just below the green moss, up to
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90% of the pulse-added N is quickly immobilized in
soil microbial biomass and the non-microbial soil
organic matter pool, and less than 0.5% retained in
moss (Sorensen et al. 2008c). Hence, only a small
fraction of added N may affect cyanobacteria associ-
ated with mosses. DeLuca et al. (2007) observed a
higher number of cyanobacteria on feather mosses
growing in areas with low N deposition, compared to
mosses in areas with high N deposition. A study on N,
fixation in a boreal forest showed that both the number
of cyano-bacteria and the rate of N, fixation associated
with the feather moss Pleurozium schreberi declined
when adding as little as 0.3 ¢ N m~2 year” ' (Gundale
etal. 2011). We observed increased P concentration in
both Hylocomium and Aulacomnium after fertiliza-
tion, but this had no positive effect on N, fixation rates,
likely because the NPK fertilizer also increased the N
content of the moss and repressed N, fixation. In
experiments from the boreal zone to the Arctic with
P-fertilization solely, or increased natural P-availabil-
ity, either no effects of P on N, fixation (Zackrisson
et al. 2009) or increased N, fixation with increased
P-availability (Chapin et al. 1991; DeLuca and
Zackrisson 2007; Liengen 1999; Weiss et al. 2005)
has been reported.

Warming had no effect on N, fixation in Hyloco-
mium and a negative effect in Aulacomnium. In an
earlier experiment with warming at a wet heath near
Abisko, we observed either no response or occasion-
ally even a tendency towards a negative effect on N,
fixation in Hylocomium and Sphagnum warnstorfii
cores exposed to field warming. However, when we
measured on whole-ecosystem level, N, fixation rates
doubled or tripled after warming for ten years
(Sorensen and Michelsen 2011). The reason for the
discrepancy in results obtained with the two methods
in the earlier study was likely a warming-induced
drying of the small moss cores, which may reduce N,
fixation (Sorensen and Michelsen 2011). In the current
study, we had expected the N, fixation rates to increase
with increasing temperature in the warmed plots, at
least in the Aulacomnium moss cores, in which a
potential water limitation was counteracted by fre-
quent watering. This is because, it is generally
observed that N, fixation is temperature limited in
the Arctic, and the warming treatment in the dry heath
experiment has earlier led to an air warming of 3—4°C
and a soil warming of 1-2°C (Michelsen et al. 1996;
Ruess et al. 1999). However, at the measurement dates

of this study, we only occasionally observed elevated
soil temperatures in the warmed plots (Fig. 2a, c), and
this moderate response could explain the lack of a
positive response of N, fixation to warming. One
explanation to why there was no temperature increase
in the soil could be that the amount of litter and the
vegetation height in the warmed plots has increased
significantly (Table 2), leading to a more closed
vascular plant canopy, and hence, a lower light
intensity at moss surface level after two decades of
warming. Also, the observed changes in vegetation
cover could possibly have direct effects on N, fixation
rates, as both the number of moss shoots in the cores
and the frequency of mosses decreased in the warmed
plots (Table 2). Another study in the high Arctic has
shown that N, fixation rates correlates positively with
the number of moss shoots (Deslippe et al. 2005).
Water limitation could offer an additional expla-
nation for the decreased N, fixation in the warmed
plots. We found that the ethylene production corre-
lated significantly with the core water content as long
as there was no fertilizer addition (Fig. 3), and
furthermore, the water content decreased significantly
in the warmed plots with Hylocomium (Fig. 2b), but
not in the watered Aulacomnium cores (Fig. 2d). We
visually observed an increased drying of the moss
surface in the warmed plots, which could affect the N,
fixation rates, as previous studies observed that N,
fixation associated with mosses declined with
decreased water availability (Zielke et al. 2002;
Sorensen et al. 2006; Gundale et al. 2010; Stewart
et al. 2011). Our results not only indicate that water is
an important factor in determining the rate of N,
fixation associated with both species, but also that N,
fixation rates are unrelated to the core water content
when the plots are fertilized and the N, fixation rates
are much lower (Fig. 3). An additional explanation for
the negative effect of warming on N, fixation could be
that the N availability increased because of warming,
and hence, the energy expensive N, fixation process
was reduced. Mineralization rates increased in the
warmed plots after 5 years of treatments (Schmidt
et al. 1999), and the availability of inorganic N was
higher in warmed plots after 11 years of treatment
(Sorensen et al. 2008b). In this study, we observed a
tendency toward increased N concentration in both
Hylocomium and Aulacomnium in warmed plots,
although only significant in Hylocomium cores in the
2-7 cm layer (Table 1). This is known to reduce N,

@ Springer



704

Plant Ecol (2012) 213:695-706

fixation rates (Gundale et al. 2010; Zackrisson et al.
2004), as we also observed in the fertilized plots.

In the shaded plots, we found that the N, fixation
rates tended to decrease, in both Hylocomium and
Aulacomnium. This was probably caused by a com-
bination of the decreased light in the shaded plots and
the decrease in temperature, which was significant in
Hylocomium cores (Fig. 2a, c). Hylocomium mortality
increased after shading with sack cloth in boreal forest
(Startsev et al. 2008), and we observed a tendency
toward decreasing numbers of moss shoots both in
Aulacomnium and Hylocomium cores. Stewart et al.
(2011) observed that the increased number of vascular
plants decreased the number of mosses, and therefore,
also the rate of N, fixation. Hence, as we also observed
an increase in plant height and vascular plant cover
combined with decreased moss cover in the warmed
plots (Table 2); we cannot rule out that increased
shading of the sub-canopy in warmed plots led to
decreased N, fixation of these plots. We found that the
P concentration in the moss cores increased in the
shade + fertilized plots, even more than in the
fertilized plots alone (see Table 1, significant effect
of shade, but with a significant interaction between
shade and fertilizer). At the same time, the N
concentration in the shade + fertilized plots was at
the same level as in the fertilized alone plots. This is
probably because decreased plant cover in the shaded
plots (Graglia et al. 2001) has decreased the total N
and P demand by plants, leading to higher concentra-
tions in deciduous and evergreen plants (Jonasson
et al. 1999b), while shading specifically reduces N,
fixation, and hence, moss N concentration to the level
in fertilized plots.

Conclusion

Our expectations that the warming treatment, and
hence, a warmer climate, should lead to higher N,
fixation rates, were not met. This was probably
because the long-term treatments had led to changes
in vegetation, and soil biogeochemical and physical
properties that restrained N, fixation rates:
(1) Increased vegetation height meant that the soil
temperatures of the warmed plots generally did not
increase, counter to our expectation for the warmed
plots. (ii) Moss abundance decreased, which directly
leads to lower N, fixation rates. (iii) N, fixation and
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soil moisture content are strongly positively corre-
lated, and warming may lead to periodical drying of
the moss surface. (iv) On top of this, increased
mineralization rates in warmed plots further restrict N,
fixation rates. All these side effects of warming are
likely to take place in the warmer Arctic. Hence, in
conclusion, it is probable that a warmer climate in the
Arctic will lead to higher moss-associated N fixation
rates in a transitional phase, at least in wet heath types,
as previously shown after one decade of warming of a
subarctic wet heath (Sorensen and Michelsen 2011).
We cannot exclude that moss core based field
estimates of nitrogen fixation may be negatively
affected by increased drying of moss, beyond the
natural side effect caused by warming. However, our
results on negative effects of warming on moss-
associated N fixation, even in frequently watered moss
cores, suggest that N, fixation rates likely decrease due
to increase in vascular plant cover and biogeochemical
N cycles changes with increased N mineralization and
N availability. The current experiment, which dem-
onstrates reduced N, fixation rates after more than two
decades of warming of this dry subarctic heath,
suggests that warming may have profound conse-
quences for ecosystem carbon storage. Depending
upon (unresolved) long-term effects on N mineraliza-
tion, progressive N limitation after a few decades
could lead to stagnant plant production, while carbon
losses from organic matter accumulated in the past
may continue due to accelerated microbial activity.
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