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Bryophytes achieve substantial biomass and play several key functional roles
in boreal forests that can influence how carbon (C) and nitrogen (N) cycling
respond to atmospheric deposition of reactive nitrogen (N,). They associate
with cyanobacteria that fix atmospheric N, and downregulation of this
process may offset anthropogenic N, inputs to boreal systems. Bryophytes
also promote soil C accumulation by thermally insulating soils, and changes
in their biomass influence soil C dynamics. Using a unique large-scale
(0.1 ha forested plots), long-term experiment (16 years) in northern Sweden
where we simulated anthropogenic N, deposition, we measured the bio-
mass and N-fixation response of two bryophyte species, the feather mosses
Hylocomium splendens and Pleurozium schreberi. Our data show that the bio-
mass declined for both species; however, N,-fixation rates per unit mass and
per unit area declined only for H. splendens. The low and high treatments
resulted in a 29% and 54% reduction in total feather moss biomass, and a
58% and 97% reduction in total Np-fixation rate per unit area, respectively.
These results help to quantify the sensitivity of feather moss biomass and N,
fixation to chronic N, deposition, which is relevant for modelling ecosystem
C and N balances in boreal ecosystems.

1. Introduction

Since the industrial revolution, human activity has caused a three- to fivefold
increase in global emissions of reactive nitrogen (N,), which has subsequently
resulted in elevated rates of atmospheric N, deposition [1]. Productivity in
some biomes, for instance boreal forests, is strongly limited by N availability,
and there is great interest in understanding the impacts of N deposition in
these regions [2,3]. As an example, there is substantial speculation that elevated
N, deposition rates may increase N availability to vascular plants, and thereby
increase carbon (C) sequestration, although this remains controversial [2].
Bryophytes can achieve substantial biomass in boreal ecosystems and play
several key functional roles that can strongly influence how ecosystem C
dynamics respond to environmental change factors, for example atmospheric
N, deposition [4]. Several species of bryophytes, including feather mosses, are
known to associate with cyanobacteria that fix appreciable quantities of N,
[5]. Downregulation of their N,-fixation activity has the potential to off-set
atmospheric N, inputs, and thereby ‘buffer’ the supply of N to primary pro-
duction [5,6]. Additionally, bryophytes thermally insulate underlying soils [7]
and produce litter that is highly recalcitrant [8], which collectively diminish
soil C and N mineralization rates [4]. Changes in bryophyte biomass in
response to N, deposition therefore have the potential to cause soil C losses,
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Table 1. The mean (+s.e.) nitrogen content (%) and mass (Mg ha~") of P. schreberi and H. splendens in response to 16 years of experimental N addition [ 2 |

treatments (0, 12.5 and 50 kg N'-ha~ " yr—"). Data were compared using ANOVA, and significant post hoc differences are indicated by different letters within

each row (a, b or ¢).
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alData were transformed (Iog (x =+ 1)) to meet parametrlc assumptions prior to statlstlcal analy5|s

while inversely coupling above-ground responses by influen-
cing N mineralization and availability to vascular plants [4].
Understanding how bryophyte biomass and N,-fixation
activity responds to N, deposition is therefore a key aspect
of understanding how ecosystem C balances will respond
to N, deposition [4].

In this study, we used a 16-year experimental set-up in the
boreal forest of northern Sweden to investigate how two feather
moss species, Pleurozium schreberi and Hylocomium splendens,
respond to simulated atmospheric N, deposition. We tested
the following hypotheses: (i) that the biomass of each feather
moss would decline in response to N addition, (ii) that the
Ny-fixation activity of each species per unit mass and per unit
area would decline in response to N addition and (iii) that the
two feather moss species would show differential responses
to N addition, as has been shown in their response to some
other environmental change factors [9]. Testing these hypo-
theses will greatly enhance our understanding of how boreal
ecosystem will change in response to N, deposition [4].

2. Material and methods

This study was conducted at Svartberget Experimental Forest
(64°14' N, 19°46' E) in the central boreal zone, near Vindeln
Sweden. The experimental site consists of an approximately
120-year-old closed canopy Norway spruce (Picea abies (L.)
Karst.) forest. In 1996, we established a replicated randomized
block design experiment at the site consisting of three levels of
N addition (0, 12.5 and 50 kg ha ' yr ') applied to 0.1 ha plots
(n=06) every year directly after snow melt (i.e. May). The
lowest N fertilization level of 125 kg N ha ' yr ' (subsequently
referred to as the ‘low N treatment’) was chosen to represent
upper level N, deposition rates in the boreal biome [6], whereas
the 50 kgha 'yr ' (subsequently referred to as the ‘high N
treatment’) was chosen because many other N addition exper-
iments in boreal forests have applied similar rates. To our
knowledge, this is the longest running experiment in a boreal
forest environment where levels of N addition realistically simu-
lating N, deposition have been applied to replicated stands at a
relatively large experimental scale (i.e. 0.1 ha plots).

In 2011, the biomass of the two most abundant feather mosses
at the site (P. schreberi and H. splendens) was estimated by measur-
ing the shoot density per area of each species and the mean shoot
mass for each species in each of the 0.1 ha treatment plots (1 = 6).
The biomass of each moss species per hectare was then estimated

by scaling up the number of shoots to a per-hectare basis and mul-
tiplying this value by mean shoot mass. Ny-fixation rates of the
mosses were estimated using the acetylene reduction method
[10]. Moss N,-fixation rates were measured five times between
May and October.

Data were analysed using analysis of variance (ANOVA), with
N treatment and species as fixed factors. When significant dif-
ferences were detected, post hoc Student—Neuman—-Keuls tests
were conducted to evaluate pairwise differences. When necessary,
data were transformed (log(x + 1)) to satisfy parametric assump-
tions. All data were analysed using SPSS (v. 20.0). Detailed
methodology and supporting data are provided as the electronic
supplementary material, appendices S1 and S2.

3. Results

Hylocomium splendens showed a significantly lower mass per
unit area but higher N,-fixation rate per unit mass and per
unit area compared with P. schreberi (see electronic supple-
mentary material, table S1; table 1 and figure 1). For both
moss species, tissue N concentrations remained unchanged
in response to the low N treatment but were significantly
elevated in response to the high N treatment (table 1). The
biomass of both species significantly declined in the low N
treatment relative to the control, and in the high- relative to
the low-N treatment (table 1); however, the significant inter-
active effect between moss species and N treatment showed
that H. splendens biomass was significantly more sensitive
to N addition than P. schreberi (see electronic supplementary
material, table S1; table 1 and figure 1).

The two moss species differed substantially in their
No-fixation rates per unit mass and per unit area (see elec-
tronic supplementary material, table S1; figure 1), with rates
of H. splendens an order of magnitude higher than P. schreberi
(figure 1a—d). Hylocomium splendens N, fixation per unit mass
and per unit area significantly declined in the low N treat-
ment relative to the control, and in the high- relative to the
low-N treatment (see electronic supplementary material,
table S1; figure 1b,d), whereas P. schreberi was unresponsive.
The response of H. splendens N,-fixation rates resulted in a
corresponding decline in total N, fixation per unit area
(figure 1le). Per cent cover of H. splendens and total feather
moss cover were negatively correlated with the biomass of
the grass species Deschampsia flexuosa (figure 2).
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Figure 1. The mean (+s.e.) Ny-fixation rate (a,b) per unit mass, (c,d) per unit area of P. schreberi and H. splendens and (e) total Ny-fixation rate per unit

—1.,.—1

area in response to 16 years of experimental N addition treatments (0, 12.5 and 50 kg N ha™ " yr ). Data were compared using ANOVA, and post hoc
differences are indicated by different letters within each subpanel (a, b or ¢). An asterisk next to the p-value indicates that data were transformed (log (x +

1)) prior to analysis.

4. Discussion

Our aim was to determine how the biomass and N,-fixation
activity of two widely occurring boreal moss species
responded to chronic N addition, which has implications
for understanding how boreal N and C cycles respond to
atmospheric N, deposition. In support of our first and third
hypotheses the data clearly show that the biomass of both
species significantly declined in response to even the low N
addition treatment; however, the decline in H. splendens bio-
mass was more severe than that of P. schreberi at both N
addition levels. A likely mechanism contributing to this
moss decline was an increase in vascular plant biomass,
which is likely to have resulted in greater shading or soil
water loss via transpiration, thereby affecting the moss grow-
ing environment [11,12]. In support of this mechanism, per

cent cover of H. splendens and all feather mosses combined
were negatively correlated with the biomass of D. flexuosa
(figure 2a), a grass species that responded positively to the
N addition treatments.

In support of our second and third hypotheses, N,-
fixation activity per unit mass and per unit area declined in
response to N addition. This negative response occurred
only for H. splendens, which accounted for a majority
(approx. 90%) of N, fixation at the experimental site. Previous
studies have shown that N,-fixation rates of P. schreberi can be
equal to or higher than H. splendens [9,13]; however, several
studies have suggested that cyanobacteria associated with
H. splendens achieve higher Nj-fixation rates in darker
and colder environments relative to those associated with
P. schreberi [9,14]. Given that our study site was established
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Figure 2. The correlation between D. flexuosa biomass and percent cover of
(a) H. splendens and (b) total feather mosses.

in a closed canopy spruce forest, with an inherently dark and
cool understory environment, underlying physiological
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