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Abstract

1. In high-latitude ecosystems bryophytes are important drivers of ecosystem func-

tions. Alterations in abundance of mosses due to global change may thus strongly in-
fluence carbon (C) and nitrogen (N) cycling and hence cause feedback on climate. The
effects of mosses on soil microbial activity are, however, still poorly understood. Our
study aims at elucidating how and by which mechanisms bryophytes influence micro-

bial decomposition processes of soil organic matter and thus soil nutrient availability.

. We present results from a field experiment in a subarctic birch forest in northern

Sweden, where we partly removed the moss cover and replaced it with an artifi-
cial soil cover for simulating moss effects on soil temperature and moisture. We
combined this with a fertilization experiment with 15N-labelled N for analysing the
effects of moss N sequestration on soil processes.

. Our results demonstrate the capacity of mosses to reduce soil N availability and

retard N cycling. The comparison with artificial soil cover plots suggests that the
effect of mosses on N cycling is linked to the thermal insulation capacity of mosses
causing low average soil temperature in summer and strongly reduced soil tem-
perature fluctuations, the latter also leading to a decreased frequency of freeze-
thaw events in autumn and spring. Our results also showed, however, that the
negative temperature effect of mosses on soil microbial activity was in part com-
pensated by stimulatory effects of the moss layer, possibly linked to leaching of la-
bile substrates from the moss. Furthermore, our results revealed that bryophytes
efficiently sequester added N from wet deposition and thus prevent effects of
increased atmospheric N deposition on soil N availability and soil processes.

4. Synthesis. Our study emphasizes the important role of mosses in carbon and nu-

trient cycling in high-latitude ecosystems and the potential strong impacts of re-
ductions in moss abundance on microbial decomposition processes and nutrient
availability in subarctic and boreal forests.
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1 | INTRODUCTION

In high-latitude ecosystems bryophytes are strong drivers of eco-
system functions and constitute a major component in terms of
biomass and productivity (Nilsson & Wardle, 2005; Oechel & Van
Cleve, 1986; Street et al., 2013; Turetsky, 2003). The abundance of
bryophytes, however, has been observed to decline as a result of
global change (Jagerbrand et al., 2009; Jorgenson et al., 2015; Lang
et al., 2012; Sorensen et al., 2012; Walker et al., 2006), which is
linked to increasing vascular plant biomass and resulting enhanced
shading (Alatalo et al., 2015; Jagerbrand et al., 2012; van der Wal
et al., 2005; van Wijk et al., 2004), but may also be related to en-
hanced drought stress (Bragazza, 2008; Lang et al., 2012; Sorensen
et al., 2012) or negative effects of increased nitrogen deposition
on bryophyte physiology (Koranda et al., 2007; Pearce & van der
Wal, 2002). Such shifts in vegetation composition of high-latitude
ecosystems may strongly influence soil microbial communities and
thus impact nutrient availability and carbon storage, which may fur-
ther cause feedback on climate change (Gundale et al., 2012; Wardle
& Zackrisson, 2005; Wookey et al., 2009).

Bryophytes fundamentally differ from higher plants as they lack
the ability to regulate water content and do not have roots nor a
developed vascular system. Thus, they are also particular in the ways
they influence soil processes and nutrient cycling. Mosses influence
soil processes via four important functions: (a) Mosses strongly af-
fect soil physical properties. Due to the low thermal conductivity
of moss biomass, thick bryophyte layers have been shown to insu-
late the soil, causing lower soil temperature in summer and reduced
soil temperature fluctuations (Gornall et al., 2007; Soudzilovskaia
et al., 2013; Startsev et al., 2007). Mosses also tend to reduce soil
evaporation, thus increasing soil moisture (Blok et al., 2011). (b) As
bryophytes lack roots, they take up a large proportion of nutrients
from atmospheric sources all over their surface, efficiently seques-
tering nutrients from atmospheric deposition, throughfall and litter
leachates (Bates, 1992; Forsum et al., 2006; Turetsky, 2003). Moss
layers hence function as a filter which retains absorbed nutrients for
long time via internal recycling (Eckstein, 2000; Gundale et al., 2011;
Rousk et al., 2014). On the other hand, many moss species are as-
sociated with N-fixing cyanobacteria which may provide import-
ant N input in high-latitude ecosystems (Deluca et al., 2002; Lindo
et al., 2013; Rousk et al., 2013). (c) The absence of roots also implies
the lack of root exudates. Pulses of labile (carbon) compounds may,
however, be leached from bryophyte layers into the soil after dry-
ing-rewetting cycles and serve as energy source for soil microbes
(Slate et al., 2019; Wilson & Coxson, 1999). (d) Decomposition rates
of bryophyte litter are considerably lower than those of vascular
plant litter (Hobbie, 1996; Lang et al., 2009), which has been ascribed
to a high content of lignin-like compounds in moss biomass, specific
cell wall polysaccharides or cell components with antimicrobial prop-
erties (Hajek et al., 2011; Turetsky, 2003; Verhoeven & Toth, 1995).

Despite the important role of mosses in C and nutrient cycling of
high-latitude ecosystems, still little is known about the influence of

bryophytes on soil microbial activity and microbial nutrient dynamics

in soil. This study thus aims at elucidating how and by what mech-
anisms bryophytes influence microbial decomposition processes of
soil organic matter (SOM), microbial community composition and
hence soil nutrient availability. This also requires investigation of ex-
tracellular enzymes produced by soil microbes, which catalyse the
first and often rate-limiting step in decomposition of macromole-
cules (Burns et al., 2013; Wallenstein & Weintraub, 2008).

Effects of specific plant functional types on ecosystem pro-
cesses have frequently been investigated using plant removal
experiments (Bret-Harte et al., 2004; Diaz et al., 2003; Wardle &
Zackrisson, 2005). In such experiments, consisting of the removal of
one or several plant functional types from a mixed plant community,
the effect of a certain plant functional type on soil processes, nutri-
ent cycling, etc., is, however, often difficult to estimate, as the re-
maining plants react to the removal of other plant functional groups.
In this study we thus (largely) excluded vascular plants for investigat-
ing moss effects on soil processes.

We performed a field experiment in a subarctic birch forest in
northern Sweden, where we partly removed the moss cover and re-
placed it with an artificial soil cover. The artificial soil cover should
simulate moss effects on soil temperature and moisture while lack-
ing other properties of mosses like N uptake capacity and release of
labile substrates. We combined this experiment with a fertilization
experiment with >N-labelled N for analysing the effects of moss
N sequestration on soil processes. We hypothesized (a) that mi-
crobial biomass would be lower and N-cycling slower in moss plots
compared to moss removal plots and (b) that a manipulation of soil
physical properties by an artificial soil cover would affect microbial
biomass and nutrient cycling similar to a moss cover. Furthermore,
we expected (c) that N fertilization would not affect soil microbial
processes in moss plots as the added N would be sequestered by the
moss layer, while N fertilization would increase microbial biomass
and alter the pattern of extracellular enzyme activities in the moss

removal plots both with and without artificial soil cover.

2 | MATERIALS AND METHODS
2.1 | Site description

We established the field experiment near Abisko in northern Sweden
in early September 2016. Average air temperature recorded at the
nearby research station was 12°C in July and -10°C in January, with
an annual precipitation of 376 mm. Vegetation at the study site was
an open birch forest (Betula pubescens) with an understorey of a
continuous moss cover (feathermosses, Hylocomium splendens and
Pleurozium schreberi) and scattered ericaceous dwarf shrubs (mainly
Empetrum hermaphroditum, Vaccinium vitis-idaea, Vaccinium myrtil-
lus). Soil type was a gleyic Podzol, consisting of a peaty organic ho-
rizon (3-10 cm depth) underlain by a shallow mineral horizon, partly
with a light eluvial horizon. The organic soil was characterized by
~37% total C, ~1.35% total N and a mean organic matter content of

84%. The pH-value of the organic horizon was between 4.2 and 4.3.
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2.2 | Experimental setup

The experiment was established in a fully crossed design of four soil
cover types (moss, bare soil, foam material and fleece) and two fer-
tilization treatments (fertilized and non-fertilized), replicated in six
blocks within an area of 2,000 m?. The plots were 50 cm x 50 cm in
size and were located between 20 cm and 2 m apart, depending on
the blocks (Figure S1). Care was taken in the selection of the plots
that no downhill leaching of fertilizer from fertilized to non-fertilized
plots could occur. The borders of all plots were cut using a spade to
interrupt root ingrowth.

In the moss plots the moss cover was left intact, only scattered
dwarf shrubs were removed by gently pulling them out of the soil,
if easily possible, or clipping. Moss carpets were, however, carefully
lifted and put back in place, so that disturbance in all treatments was
comparable. As the moss layers could easily be separated from un-
derlying peaty soil, lifting could be done without causing destruction.
In the bare soil and artificial soil cover plots all vegetation, including
mosses (live green and dead brown moss) and vascular plants, was re-
moved. The artificial soil cover plots were then covered with either
foam material consisting of open cell polyurethane (two layers of strips
of 10-15 cm width and 2 cm thickness), or polyester fleece (material
used as e.g. filling in blankets, also two layers of 2 cm thickness). We
had chosen those materials because of their water holding capacity
(Table S1) and their inertness, which had been tested in a pre-exper-
iment. The soil cover was fixed with a coarse meshed net and hooks.

The N-fertilized plots (one plot per soil cover treatment per
block) received NH,NO, (containing 10% 15N) at a total N load of
1.5 g N m™? year™, which was applied in two doses of 0.75 g N/m?
in mid-September 2016, after setting up the plots, and in early June
2017, right after snow melt. This N load accounts for about 10 times
the atmospheric background N deposition (~0.15 g N m? year%;
Phil-Karlsson et al., 2009). The fertilizer was applied dissolved in
water (300 ml per plot, equivalent to 1.2 mm rainfall), by means of a
bottle with fine holes in the lid. The non-fertilized plots received an

equal volume of water as the fertilized plots.

2.3 | Soil temperature and moisture

Soil temperature at 3 cm depth (measured from the top of the or-
ganic horizon) was recorded every 30 min throughout a year in three
replicate plots per soil cover treatment by Tinytag temperature log-
gers (TGP-4020 with PB-5015-1M5 sensors). Additionally, manual
temperature measurements were performed every second week be-
tween end of June and end of July 2017 in all 48 plots (12 replicates
per soil cover treatment) using thermometers. Measurements were
taken in the afternoon (2 p.m.-4 p.m.), thus the values represent ap-
proximate daily maximum soil temperatures. Furthermore, average
summer soil temperature in all plots was determined with Ambrose
thermal cells (TH cells, Woden, Australia). The cells consist of poly-
carbonate resin capsules embedded in water-filled cells, which

acquire moisture at a temperature dependent rate and thus yield

an integrated temperature over the incubation period (Jonasson
etal., 1993).

The number of freeze-thaw cycles per year was calculated from
the number of zero transitions of the continuous temperature mea-
surements, divided by two. As soil temperature sometimes oscillated
closely around zero, we performed a second calculation only count-
ing freezing and thawing events, when soil temperature exceeded
0+0.1°C.

Soil moisture at 0-6 cm depth was measured every second week
in all plots between end of June and end of July 2017 using a Theta-
probe (ML2, Delta-T Devices Ltd). At each time point three measure-
ments per plot were performed and averaged.

2.4 | Soil sampling

Soil sampling was performed on 10 July 2017. Five to ten soil cores
of 4 cm diameter were taken of the entire depth of the organic ho-
rizon (3-10 cm) in each plot and bulked. The number of soil cores
taken per plot varied depending on the horizon depth, i.e. in case
of shallow organic horizon more soil cores were taken in order to
collect a sufficient amount of soil. Furthermore, pieces of moss cush-
ions (comprising live green and dead brown moss) and foam/fleece
material (5 x 5 cm) were collected from the moss and artificial soil
cover plots.

Roots were removed from the soil samples, and soil samples
were homogenized by hand. Samples were stored at 4°C until fur-
ther processing. Soil extractions were performed on the following

day and all other assays within 8 days after soil sampling.

2.5 | Total Cand N and recovery of fertilizer N

Subsamples of soil and moss/soil cover were oven-dried (at 90°C
and 60°C, respectively), ground in a ball mill and analysed for total C
and N and 8*°N by an Eurovector elemental analyser coupled to an
Isoprime IRMS. Samples were analysed with reference gas calibrated
against international working standards IAEA N1, N2 and USGS 25,
26, 32 and drift corrected using internal standards of leaf (peach,
NIST 1547) material calibrated with these standards. As grinding
was not possible for the foam material and fleece, thin columns were
cut out of the material (through the entire layer) and packed into
tin capsules for IRMS analysis. Recovery of fertilizer N in moss/soil
cover and soil was calculated according to the following equations:

R= ([lstoiI/cover] X masssoil/cover) /15Napplied X 1001

where R is the recovery of fertilizer N in percent, [15N is the

soil/cover]

concentration of >N in soil and cover/moss (in mg/g DW), MasS, i/cover
is the total dry weight of organic soil and cover/moss in g per plot and

15Napplied is the amount of *°N applied in mg per plot.

[15Nsoil/cover] = (% 15Nsc:il/cover - % 15Nbackground) X N/ 10'
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where [°N_ /0. is the concentration of N in soil and cover/moss

(in mg/g DW), %'°N
o 15

fertilized plots, % NbaCkgroun

non-fertilized plots and N is the N content of soil and cover/moss (in

soil/cover 15 atom %'°N in soil and cover/moss of

4 is atom %N in soil and cover/moss of

percent of DW). Atom %'°N was calculated from §*°N values using the

equation:

atom %"°N =100 x Std x (8N, 1./1000+1) /
(1 +Std x (8" Ngympe/1000 + 1)),

where Std is the fractional abundance of *°N in the isotopic standard

(N, in air).

2.6 | Cand N pools

Subsamples of fresh soil (7.5 g) were extracted with 50 ml of water for
1 hr and vacuum-filtered through glass fibre filters (Whatman GF/D).
Concentrations of NH, and NOJ were determined by flow-injection
analyser (Fiastar 5000, FOSS analytical), using applications AN 5220
for NH‘:r and AN5201 for NO; respectively. Concentrations of dis-
solved organic C and total dissolved N were analysed with a TOC/TN
analyser (Shimadzu). Dissolved organic N (DON) concentration was
calculated from the difference of total dissolved N and inorganic N.
515N of dissolved N was determined by freeze-drying of water
extracts and subsequent wiping of dried residues using quartz fil-
ters, which were then subjected to IRMS analysis (Ravn et al., 2017).
The concentration of dissolved N originating from fertilizer N and
from native soil N, respectively, was then calculated according the

following equations:

[TDNer¢] = [TDN] x APE®Nypy x 10,

where [TDN,,
ing from fertilizer (in mg/g OM), [TDN] is the concentration of total

J is the concentration of total dissolved N originat-

dissolved N in water extracts (in mg/g OM) and APE >N, is atom
percent excess °N of total dissolved N (atom %*°N - atom

%N

sample

backgrou nd)

[TDNnative] =[TDN] - [TDNfert],

where [TDN

from native soil N.

nativel 1S the concentration of total dissolved N originating

Microbial biomass was determined by the fumigation-extraction
method (Brookes et al., 1985). An extraction coefficient of 0.45 for
C (Wu et al., 1990) and 0.4 for N (Jonasson et al., 1996) was used

to account for incomplete extraction of microbial biomass C and N.

2.7 | Microbial community structure

The abundance of microbial groups was estimated from phospho-

lipid fatty acids (PLFAs) using a modified method after Buyer and

Sasser (2012). After extraction of freeze-dried soil samples by a
mixture of methanol, chloroform and citrate buffer (2:1:0.8, v/v/v),
PLFAs were separated from neutral lipids on silica columns and sub-
jected to alkaline methanolysis. Dried fatty acid methyl esters were
re-dissolved in isooctane and concentrations of PLFAs were deter-
mined on a gas chromatograph (Trace GC Ultra, Thermo Scientific)
equipped with a DB-23 column. A mixture of fatty acid methyl esters
(FAMEs; Supelco, nr. 47080-U and 47885-U) was used as a qualita-
tive standard. An internal standard (19:0) was used for calculation
of FAME concentrations. We used the sum of the fatty acids i15:0,
al5:0, i16:0, i17:0, a17:0, 17:0, 16:1w9, 16:1w7, cy17:0, cy19:0 as a
measure for bacterial biomass and the quantity of 18:206,9 as an
indicator of fungal biomass.

2.8 | Extracellular enzyme activities

Potential hydrolytic enzyme activities were estimated by micro-
plate assays using fluorescent substrates (Bell et al., 2013; German
et al., 2011). One gram of fresh soil was suspended in 100 ml of Na-
acetate buffer (pH 4.4) and mixed for 1 min using a kitchen blender.
200 ul of the soil suspensions were pipetted into black microtiter-
plates (three analytical replicates) and 50 pl of substrate solutions
added: 1 mM 4-MUF-N-acetyl-p-D-glucosaminide was used for
determination of chitinase activity, 2 mM 4-MUF-phosphate for
phosphatase and 1 mM 4-MUF-B-D-cellobioside for cellobiosidase.
Standard curves were prepared from 4-methylumbelliferone (MUF)
in six concentrations added to soil suspensions. Substrate blanks
(substrate plus buffer, four replicates) were also included. Microplates
were incubated at 12°C for 3 hr (phosphatase)-4 hr (chitinase, cel-
lobiosidase), then fluorescence was measured using a spectrometer
(Spectramax) with 365 nm excitation and 450 nm emission.

Potential peroxidase activity was measured photometrically
(Saiya-Cork et al., 2002). One millilitre of the soil suspensions was
pipetted into 2 ml reaction tubes (four tubes per sample). One
tube per soil sample was amended with 1 ml of 10 mM L-3,4-
dihydroxyphenylalanine (DOPA), one tube received 900 pul of DOPA
solution + 100 ul 0.3% H,0,. The remaining two tubes received
buffer instead of DOPA solution (soil blanks). Substrate blanks were
also prepared. After incubation at 12°C for 4 hr, samples were cen-
trifuged, 250 pl of the supernatant transferred to clear microplates
and absorbance at 460 nm was read on a spectrometer. Peroxidase
activity was calculated from the difference in absorbance of samples
with and without peroxide addition, divided by the extinction coef-
ficient (7.9; Bach et al., 2013).

2.9 | Gross N mineralization and consumption

Gross N mineralization rates were assessed using the 5N pool dilu-
tion technique (Kaiser et al., 2005; Myrold & Tiedje, 1986). BN H,Cl
was applied to two subsamples of fresh soil (2 g), then samples were

incubated at 12°C for 4 and 24 hr respectively. A set of samples
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was not amended with >N and was used for determination of back-
ground N values. After extraction of samples with 2M KCI, NH}'
was diffused into acid traps, which were dried and analysed by an
Eurovector elemental analyser coupled to an Isoprime IRMS. Gross
N mineralization rates and gross NH;r consumption rates (i.e. the
sum of all NH;r consuming processes including microbial immobili-
zation and nitrification) were calculated according to the following
equations:

grossmin = (A; —Ag) /t x (In(APE, /APE;) /In(A;/Ay) ),
netmin = (A; —Ag) /t,
grosscons = grossmin — netmin,

where grossmin is gross N mineralization, netmin is net N mineraliza-
tion, grosscons is gross NH;r consumption. A, is the NH:—N pool after
time t, A, is the initial NHI—N pool, APE (atom percent excess) is atom

o/15N] + _ o/15N] +
%N NH4sampIe atom %N NH4 background®

2.10 | Data analyses

The effect of soil cover type on average soil temperature and daily
temperature amplitude in the continuously measured plots was
estimated by repeated-measures ANOVA of monthly averages,
with cover type and month as fixed factors, and autocorrelation
modelled as first-order autoregressive (AR1). Separate analyses
were conducted with data of the summer months (June-August)
and autumn/early winter (September-November), i.e. the period
before the establishment of a continuous snow cover. The effect
of cover type on the fully replicated soil temperature and mois-
ture data in summer and the recovery of fertilizer N was analysed
by linear mixed effect models, with cover type as fixed factor and
block as random factor, followed by Tukey's post-hoc tests. Manual
soil temperature and moisture data were averages of three time
points. Data of C and N pools, abundance of microbial groups and
microbial process rates were analysed using linear mixed effect
model ANOVA with cover type and fertilization as fixed factors and
block as random factor. The contribution of the random effect to
the explained variance of the models was estimated by calculating
marginal R? (fixed effects only) and conditional R? (fixed and ran-
dom effects; Nakagawa & Schielzeth, 2013). Significant differences
between treatments were estimated by Tukey's post-hoc tests.
Correlations between C and N pools, microbial groups and process
rates were estimated by Spearman's correlation coefficients. The
relationship between enzyme activities and soil physical parame-
ters was analysed by linear regression models. Regression analyses
were run with treatment averages, in order to take account of the
non-independence of data from the same treatment. Data of C and
N pools, microbial groups and process rates were log-transformed
prior to analyses to meet the assumptions of normality and homo-

geneity of variances for linear models. All analyses were performed

using R version 3.5.1 (R Core Team, 2018), with the packages NLME
(Pinheiro et al., 2018), ‘ImerTest’ (Kuznetsova et al., 2017) and
‘MuMIn’ (Barton, 2016).

3 | RESULTS

3.1 | Manipulation of soil physical parameters and N
availability by the experimental treatments

The soil cover treatments affected the soil thermal regime through-
out the snow-free season in the subset of continuously measured
plots: In autumn and early winter average soil temperature tended
to be lower in the bare soil plots than in the fleece-covered plots
(Figure 1a), while in summer the bare soil plots exhibited on average
1.1°C higher soil temperature than the moss plots and 1.6°C higher
soil temperature than the artificial soil cover plots, although these
differences were not statistically significant (F3’21 =1.64,p =0.21;
Figure 1a). The daily temperature amplitude, however, was twice
as high in bare soil plots as in the moss plots and the artificial soil

12 4 (@) June — August: Cover n.s.
Sept. — Nov. : Cover +

o 10
[0}
S 8
©
g 6-
IS
o
= 4
[e}
2]
S 2
o
g
z 04

-2
o
< (b) June — August: Cover *
% 15 A Sept. — Nov. : Cover +
%-
£
@
2 10 A
=1
T
[
Q
€
g 5
©
172}
=
3 —e— Moss
o 0 —0— Bare soll
I —v— Foam
g —o— Fleece

o 0% 0V o Y (@ o e W (€

FIGURE 1 (a)Average soil temperature (at 3 cm depth) and (b)
average daily soil temperature amplitude in moss plots, bare soil
plots and plots covered with foam material and fleece respectively.
Values are means + SE (n = 3). Effects of soil cover determined by
repeated-measures ANOVA for summer months (June-August)
and autumn/early winter (September-November) are indicated by
*(p < 0.05), *(p < 0.1) and n.s. (non-significant)
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cover plots during the summer months (Cover effect: F;,, = 3.43,
p = 0.04; Figure 1b). The fully replicated soil temperature measure-
ments performed in summer corroborated these results, showing a
marginally significant effect of cover type on average summer soil
temperature determined by the thermal cells (F339 =2.20,p =0.10;
Table 1) and a highly significant cover effect on afternoon soil tem-
perature (representing approximate daily maximum temperature;
F3y3$> = 32.10, p < 0.001; Table 1). The aimed simulation of moss ef-
fects on soil physical properties by means of an artificial soil cover
was thus successful with respect to the soil temperature effects.
This was, however, not the case for the soil moisture, which was
slightly higher in the moss plots than in the bare soil plots and the
fleece plots (post-hoc test: p < 0.05, Table 1) and intermediate in the
foam plots.

The moss removal also significantly altered the frequency of
freeze-thaw events. In the bare soil plots the number of freeze-thaw
cycles was more than four times as high as in moss plots and nearly
three times as high as in fleece plots, while the foam-covered plots
showed intermediate values (Table S2). If a threshold of O + 0.1°C
was applied in the calculation of freeze-thaw cycles, the differences
between the treatments were still greater.

Ten months after the first dose of N fertilization and 5 weeks
after the second dose, 89% of the applied N was still in the moss
layer (Table 1), while hardly any fertilizer N was recovered in the
artificial soil cover. Only 4% of the added N was recovered in soil
below the mosses, compared to 51% in the bare soil plots. In the ar-
tificial soil cover plots, recovery of fertilizer in soil was lower than in
the bare soil (<25% of the added N) but five to six times higher than
in the moss plots, meaning that the applied fertilizer had penetrated

the foam and fleece material and entered the soil.

3.2 | Effects of the experimental treatments on soil
C and N pools and microbial processes

The removal of the moss layer caused a more than five-fold increase
in the average concentration of ammonium in bare soil plots com-
pared to the moss plots (Tukey's post-hoc test: p = 0.07; Figure 2a)
and a decline in the ratio of dissolved C to N by one third (post-hoc

test: p = 0.03, Figure 2e). In the non-fertilized plots moss removal

tended to enhance the availability of both ammonium and dissolved
organic N (DON; Figure 2a,c). This effect was, however, not observed,
if the moss layer was replaced by an artificial soil cover. N fertiliza-
tion strongly amplified the availability of nitrate, the least abundant
form of N, in bare soil plots and artificial soil cover plots (Figure 2b;
Table 2), while the fertilization effect on the concentrations of NH‘:r
and DON was less pronounced in the artificial soil cover plots and
was not existent or even tended to be negative in the bare soil plots.
The ratio of dissolved C to N was reduced by more than 40% by the
fertilization in the artificial soil cover plots, leading to values similar
to the bare soil plots (Figure 2e). In the moss plots, however, soil N
availability was not affected by the fertilization treatment.

Microbial biomass was not significantly changed by either the soil
cover type or the N fertilization (Tables 2 and 3), but showed a posi-
tive correlation with the availability of DON (r = 0.56, p < 0.001) and
ammonium (r = 0.43, p < 0.01). The soil cover treatment did, how-
ever, influence the microbial community structure (Tables 2 and 3).
The abundance of bacterial PLFAs and of total PLFAs was highest in
non-fertilized bare soil plots and lowest in the plots with foam material,
while no differences in fungal abundance among the cover types were
observed. Interestingly, these differences among the cover types were
not apparent in the fertilized plots. Like microbial biomass N, bacte-
rial abundance was positively correlated with N availability (r = 0.58,
p <0.001 andr=0.49, p < 0.01 for DON and NH;’ respectively).

In contrast to the N pools, the activities of extracellular enzymes
were clearly affected by the type of soil cover, but showed surpris-
ingly little changes in response to N addition (Figure 3; Table 2).
Chitinase activity was around 45% lower in the bare soil plots than
in the moss plots (post-hoc test: p < 0.01; Figure 3a). Similarly, the
ratio of chitinase to phosphatase (as a measure of N-degrading vs.
P-degrading activities) was significantly reduced by the moss re-
moval (post-hoc test: p < 0.01; Figure 3c), but not if the plots were
covered with foam or fleece material. The activities of hydrolytic
enzymes (chitinase, phosphatase and cellobiosidase) were generally
highest in the moss plots, while peroxidase activity was highest in
the bare soil plots (Figure 3a-e). The ratio of peroxidase to cellobi-
osidase activity (as a measure of oxidative vs. cellulolytic activities)
tended to be higher in bare soil plots than in the moss and artifi-
cial soil cover plots (Figure 3f). Regression analysis of enzyme ac-

tivities and soil physical parameters revealed a significant negative

TABLE 1 Average soil temperature, afternoon soil temperature (at 2 p.m.-4 p.m.) and soil moisture in July (at 3 cm depth) in moss plots,
bare soil plots and plots covered with foam material and fleece respectively. Recovery of fertilizer N in moss/soil cover and soil of plots
fertilized with **N-labelled NH,NO,. Values are means (SE in parentheses), n = 12 (soil temperature and moisture data), n = 6 (recovery of
fertilizer N). Significant differences between soil cover treatments determined by Tukey's post-hoc tests are indicated by different letters

(p < 0.05)
Moss Bare soil Foam Fleece
Average soil temperature in summer (°C) 8.7 (0.1) 9.1(0.2) 8.7(0.2) 8.9(0.1)
Average afternoon soil temperature (July; °C) 11.6(0.2) 14.5% (0.3) 11.9°(0.3) 13.0°(0.3)
Average soil moisture (July; %) 64°(2) 56°(3) 60%(2) 56°(2)
Recovery of fertilizer N in moss/soil cover (% of added N) 897 (16) — 0.5°(0.1) 0.2°(0.0)
Recovery of fertilizer N in soil (% of added N) 4°(1) 512 (6) 18° (6) 242 (6)
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FIGURE 2 Concentration of (a) ammonium, (b) nitrate, (c) dissolved organic N, (d) dissolved organic C, (e) ratio of dissolved organic

C to total dissolved N in water extracts of soil collected in moss plots, bare soil plots and plots covered with foam material and fleece
respectively. Grey bars represent non-fertilized plots and black bars represent plots fertilized with NH,NO,. Values are means + SE (n = 6).
Significant effects of cover type, fertilization and the interaction determined by linear mixed effect models are indicated by ***(p < 0.001),
**(p < 0.01), *(p < 0.05) and *(p < 0.1). Details on ANOVA models are presented in Table 2

dependence of chitinase activity on mean summer soil temperature
and afternoon soil temperature, respectively (> = 0.48, p < 0.1 and
r? =0.79, p < 0.01, Table $3), and a positive dependence of peroxi-
dase activity on soil temperature (r> = 0.72, p < 0.01 and r? = 0.60,
p < 0.05 for mean and afternoon soil temperature respectively).
Chitinase and phosphatase activity were positively related with soil
moisture (> = 0.72, p < 0.01 and r? = 0.53, p < 0.05 respectively).
Gross N mineralization rates and gross NH‘:r consumption rates
were both highest in the bare soil plots (Figure 4), but the effect of

cover type was not significant (Table 2). Gross N mineralization rates

correlated with the availability of NHZ (r=0.51,p < 0.001) and DON
(r=0.44,p <0.01).

4 | DISCUSSION

Bryophytes play a crucial role in carbon and nutrient cycling of high-
latitude ecosystems. This study aimed at elucidating the mechanisms
by which bryophytes influence microbial decomposition processes

of SOM and nitrogen cycling in a subarctic birch forest.
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TABLE 2 Results of linear mixed effect c Fertilizati p -

model ANOVA estimating effects of (dc;v_e;) (;;r_' ;z)a ‘on (d(;\T;)X ert. R2 R2

soil cover treatments and N fertilization - B B (m) (e)

on C and N pools, microbial biomass, NH; 2.37° 2.76 1.58 0.20 0.36

abundance of microbial groups and NO; 1.74 77.61%* 5.50** 0.68 0.68

microbial prf)cesses.. F-va.lue.s .for main DON 134 017 1.59 043 0.30

effects and interaction, significant values

are in bold (***p < 0.001, **p < 0.01, DOC 1.78 0.39 1.20 0.11 0.44

*p < 0.05, *p < 0.1), marginal R* (R% Dissolved C/N 3.15* 6.44* 1.79 027 040

. s 2

fixed effects only) and conditional R” (R, Microbial biomass C 0.43 0.05 0.99 007 021

fixed and random effects)
Microbial biomass N 0.32 0.28 0.87 0.07 0.13
Microbial biomass C/N 0.27 0.69 0.47 0.05 0.25
Total PLFAs 6.08* 0.09 2.07 0.40 0.50
Bacterial PLFAs 6.74** 0.88 2.15 0.43 0.52
Fungal PLFAs 0.08 0.70 0.36 0.05 0.24
Chitinase 5.80** 0.26 0.52 0.20 0.51
Phosphatase 3.88* 0.31 1.94 0.24 0.35
Chit./phos. 6.64** 0.12 1.38 0.23 0.56
Cellobiosidase 4.83* 0.60 1.56 0.18 0.56
Peroxidase 2.13 0.01 0.05 0.12 0.17
Perox./cellobios. 2.24* 0.10 0.24 0.13 0.20
Gross N mineralization 1.20 0.03 0.21 0.08 0.11
Gross NH4+ consumption 1.25 0.00 0.50 0.10 0.10

TABLE 3 Microbial biomass C and N and microbial community composition estimated by abundance of bacterial and fungal PLFAs in
soil collected in moss plots, bare soil plots and plots covered with foam material and fleece respectively. Plots were either fertilized with
NH,NO, or non-fertilized. Values are means (SE in parentheses), n = 6 (microbial biomass), n = 4 (PLFAs). ANOVA results are presented in

Table 2
Moss Bare soil Foam material Fleece
Non-fert. Fertilized Non-fert. Fertilized Non-fert. Fertilized Non-fert. Fertilized
Microbial biomass 8.0(0.4) 8.0(0.3) 8.5(0.6) 7.7 (0.8) 7.3(0.2) 7.8(0.4) 7.8(0.2) 7.8(0.4)
C (mg/g OM)
Microbial biomass 1.38(0.13) 1.33(0.12) 1.51 (0.13) 1.37(0.12) 1.19 (0.07) 1.46(0.17) 1.32(0.13) 1.44(0.09)
N (mg/g OM)
Microbial biomass 6.0 (0.6) 6.2(0.5) 5.8(0.5) 5.6 (0.3) 6.2 (0.4) 5.8(0.7) 6.3(0.8) 5.5(0.2)
C/N ratio
Total PLFAs 979 (64) 817 (104) 1,149 (137) 940 (39) 635 (83) 761 (85) 785 (58) 876 (65)
(nmol/g OM)
Bacterial PLFAs 338 (36) 264 (52) 412 (40) 317 (46) 193 (20) 244 (38) 286 (22) 297 (17)
(nmol/g OM)
Fungal PLFAs 160 (38) 151 (41) 177 (76) 175 (27) 148 (28) 158 (22) 124 (32) 163 (25)
(nmol/g OM)
Fungal/bacterial 0.51(0.15) 0.66(0.19) 0.46(0.23) 0.61(0.14) 0.75(0.09) 0.73(0.22) 0.45(0.13) 0.55(0.07)

PLFAs

As demonstrated previously in several studies, mosses exert
strong influence on the soil thermal and moisture regime. Results
from tundra heath and boreal forests revealed that thick moss lay-
ers reduce average soil temperature in summer (Gornall et al., 2007;
Startsev et al., 2007; Street et al., 2018) and decrease the daily
fluctuations in soil temperature during the growing season (Gornall
et al., 2007; Soudzilovskaia et al., 2013), because of the low thermal

conductivity of moss biomass (Blok et al., 2011; Soudzilovskaia
et al., 2013). In our study the increase in mean summer soil tem-
perature in the bare soil plots compared to the moss plots was not
statistically significant (Figure 1; Table 1), while the daily soil tem-
perature amplitude was strongly enhanced. A previous study from
the same area investigating a range of moss species (Soudzilovskaia

et al., 2013) also found pronounced effects of mosses on soil
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FIGURE 3 Potential extracellular enzyme activities measured in soil collected in moss plots, bare soil plots and plots covered with foam
material and fleece respectively. Grey bars represent non-fertilized plots and black bars represent plots fertilized with NH,NO,. (a) chitinase
(N-acetylglucosaminidase), (b) phosphatase, (c) ratio of chitinase to phosphatase, (d) cellobiosidase, (e) peroxidase, (f) ratio of peroxidase to
cellobiosidase. Values are means + SE (n = 6). Significant effects of cover type determined by linear mixed effect models are indicated by
**(p < 0.01), *(p < 0.05) and *(p < 0.1). Effects of fertilization and the interaction were non-significant for all enzyme data. Details on ANOVA

models are presented in Table 2

temperature amplitude, but not on average growing season soil tem-
perature. Some divergence in the reported results on moss effects
on soil thermal regime may be linked to the precipitation regime at
the study sites. As moss removal increases evapotranspiration (Blok
et al., 2011), enhanced evaporative cooling may partly compensate
for the warming effect of the moss removal, which was most likely
also the case in our study.

In our experiment we used two types of artificial soil cover
in order to simulate moss effects on soil temperature and mois-

ture. This should allow us to elucidate how far the effects of

bryophytes on soil processes are due to moss effects on soil mi-
croclimate and to disentangle this from other effects of the moss
layers. The artificial soil cover generally affected the soil thermal
regime similar to the moss layer (Figure 1; Table 1). Afternoon
soil temperature in the plots covered with fleece was, however,
slightly higher than in the plots with foam material and the moss
plots (Table 1), and soil moisture was lower in the fleece than in
the moss plots (Table 1), suggesting higher thermal conductivity
and higher evapotranspiration through the fleece than the foam
material.
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FIGURE 4 (a) Gross N mineralization (ammonification) rate
and (b) gross NH;r consumption rate measured in soil collected in
moss plots, bare soil plots and plots covered with foam material
and fleece respectively. Grey bars represent non-fertilized plots
and black bars represent plots fertilized with NH,NO, Values are
means + SE (n = 6). ANOVA results are presented in Table 2

The manipulations of soil physical properties by the moss re-
moval and artificial soil cover treatments translated into changes in
N availability, as well as altered enzyme activities and N-cycling pro-
cesses. The bare soil plots showed increased availability of dissolved
N compared to the moss plots and the non-fertilized plots with ar-
tificial soil cover (Figure 2). This is in line with results from Gornall
et al. (2007) and Bret-Harte et al. (2004), who reported enhanced
levels of inorganic N in soil as a result of experimentally thinned
moss layers or moss removal in tundra ecosystems. Another study,
however, did not find an effect of moss removal on soil N availabil-
ity in a boreal forest (Startsev et al., 2007), which could be due to
lateral translocation of N and uptake by mycorrhiza and roots. In
our study, lateral transport of N out of the plots and plant N uptake
was prevented by the trenching around the plots. The high N avail-
ability in the (non-fertilized) bare soil plots corresponded with high
bacterial abundance, microbial biomass N (Table 3), as well as high
gross N mineralization rates and NH;r consumption rates (Figure 4),
which means that the moss removal promoted the establishment of
a bacterial dominated microbial community characterized by rapid
N-turnover, in line with our first hypothesis.

The high N availability in the bare soil plots was also mirrored
by the pattern of extracellular enzyme activities. As soil microbes

regulate the production of extracellular enzymes to meet their C

and nutrient demands, potential enzyme activities (indicating the
amount of enzymes) may yield information on the soil nutrient status
(Olander & Vitousek, 2000; Sinsabaugh et al., 2008). The low chiti-
nase-to-phosphatase-ratio in the bare soil plots compared to the
moss and soil cover plots (Figure 3c) thus indicates a shift from N lim-
itation towards P limitation caused by the moss removal. Peroxidase
activity and the ratio of peroxidase to cellobiosidase activity, on the
other hand, were enhanced in the bare soil plots (Figure 3e,f), which
is most likely not directly related to the high N availability, but an
indirect effect of the microbial community change, i.e. increased
bacterial abundance, and may partly also be linked to low moisture.
Although oxidative enzyme activity is traditionally associated with
fungi, the importance of bacteria for oxidative enzyme activity is in-
creasingly recognized (Gittel et al., 2014; Sinsabaugh, 2010), also in
connection with increased SOM degradation in soil warming studies
(Pold et al., 2015). In contrast to oxidative enzymes, activities of the
three hydrolytic enzymes (chitinase, phosphatase and cellobiosi-
dase) were highest in the moss plots, indicating stimulatory effects
of the moss layer on microbial production of these enzymes, which
may be due to leaching of labile substrates from the moss and the
positive influence of mosses on soil moisture.

Generally, the effects of soil cover manipulations on enzyme
activities seem to be linked to altered soil physical properties rather
than to the removal of the moss litter. Given the slow decomposi-
tion rates in the subarctic, the removal of moss litter in the bare
soil and artificial soil cover plots had most likely only minor impact
on SOM quality at the time of the soil sampling (10 months after
the start of the experiment). The rather short time span after the
setup of the plots, however, also implies that disturbance effects by
the removal of scattered dwarf shrubs in all plots or root trenching
may have influenced our results. Increased input of dead fine root
biomass and the absence of living roots most likely caused changes
in microbial community composition (especially a decline in mycor-
rhizal abundance) and impacts on soil fauna (Fanin et al., 2019). As
these disturbance effects were the same in all plots, this should,
however, not have influenced the relative effects of our experimen-
tal treatments.

It should be noted in this context that, because of the absence
of vascular plants, our experimental plots are not directly compara-
ble to natural plant communities. The objective of our study was to
elucidate the mechanisms by which mosses influence soil microbial
activity, and these mechanisms can also be assumed to be similarly
active in mixed plant communities. However, if mosses were exper-
imentally removed from mixed plant communities, moss removal
and the resulting change in N availability would most likely promote
growth of vascular plants or alterations in the community composi-
tion of vascular plants (Bret-Harte et al., 2004; Gundale et al., 2012),
which would make it difficult to disentangle if impacts on soil micro-
bial activity are directly linked to the absence of mosses or to the
functional traits of vascular plants replacing the mosses.

In our experiment we observed that the artificial soil cover plots,
which resembled the moss plots in the soil thermal regime, were

also similar to the moss plots in soil N availability and some of the
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microbial process rates (in accordance with our second hypothesis),
suggesting a causal link between the effects of mosses on soil N
availability and enzyme patterns and their influence on the soil ther-
mal regime. As demonstrated in numerous studies, minor changes
in average soil temperature of less than 1°C may significantly affect
net N mineralization and inorganic N availability (Marainén-Jiménez
etal., 2019; Rustad et al., 2001; Weedon et al., 2012). The effects of
soil cover on the mean soil temperature in summer were, however,
not statistically significant, while we observed strong effects on
the daily soil temperature fluctuations (Figure 1; Table 1). Although
seldom reported, soil temperature amplitude might be as influen-
tial on microbial activity as average soil temperature. According to
the Arrhenius kinetics of chemical reactions, decomposition rates of
SOM theoretically respond exponentially to temperature increase
(Davidson & Janssens, 2006), as reported for respiration rates (Carey
et al., 2016; Kirschbaum, 2004) and enzyme activities (Fraser et al.,
2013; Stone et al., 2012). The high peak soil temperatures in the bare
soil plots may thus have contributed more strongly to the accelera-
tion of microbial process rates than a minor change in average soil
temperature. Apart from effects during the growing season, soil
temperature amplitude may also influence nutrient cycling by af-
fecting the frequency of freeze-thaw events in autumn and spring.
Repeated freeze-thaw cycles have been shown to reduce microbial
biomass and cause a flush of dissolved N leached from dead mi-
crobes (Larsen et al., 2002; Song et al., 2017), but may also amplify
potentially mineralizable N by physical disruption of SOM (Steinweg
et al., 2008). In our study the number of freeze-thaw events was
greatly reduced in the moss plots and fleece-covered plots com-
pared to the bare soil plots, but intermediate in the plots covered
with foam material (Table S2). Although our experiment does not
allow to clearly distinguish effects of freeze-thaw events from di-
rect temperature effects on microbial physiology in summer, we
conclude that the impacts of the moss and soil cover on N availability
and enzyme activities most likely rather reflect effects on soil ther-
mal regime during the growing season than results of freeze-thaw
processes in autumn and spring.

Our results demonstrate that mosses not only impact soil N
availability via their influence on soil physical properties, but also
via sequestration of atmospheric N deposition. Ten months after
application of the first N dose, the major part of the added N was
still found in the moss layer, and only a small percent of the N was
recovered in soil beneath intact moss, compared to around 50% in
the bare soil (Table 1). As a consequence of the high N retention by
the moss layer, the applied N load of 1.5 g N m~2 year* did not cause
any changes in soil N availability, enzyme activities or microbial com-
munity composition in the moss plots, which was in accordance with
our third hypothesis. Similarly, Gundale et al. (2011) reported that
feather mosses prevented effects of N fertilization on soil N concen-
trationsup toa N doseof 1.2g N m2 year ! in a boreal forest. While
these results demonstrate that mosses are efficient in retaining
increased atmospheric N loads over time scales of up to several years
(Eckstein, 2000; Rousk et al., 2014), indirect effects of increased N

deposition on N-cycling are possible in the longer-term via changes

in decomposition rates of moss biomass and thus altered depth of
the moss layer, which in turn affects the insulation capacity of the
moss layers (Street et al., 2018).

In contrast to the moss plots, N fertilization increased the
availability of dissolved N in the artificial soil cover plots (Figure 2).
Interestingly, this was mainly due to an increase in concentrations
of native soil N, (as revealed by the analysis of >N, Figure S2), in-
dicating microbial activation by the inorganic N addition. Microbial
process data suggest, however, that this was rather an ‘apparent
priming effect' (Blagodatskaya & Kuzyakov, 2008) reflecting in-
creased microbial biomass turnover (as also indicated by gross
N-cycling rates) and not a real priming effect of SOM degradation,
as we did not observe alterations in enzyme activities by the N
addition (Figure 3). In the bare soil plots, on the other hand, N
fertilization reduced the concentrations of dissolved native soil N.
Together with the lower concentrations of DON, bacterial abun-
dance and phosphatase activities, this suggests that the combi-
nation of moss removal and N addition, both causing microbial
activation and accelerated N-cycling, already lead to a depletion of
labile substrates in the fertilized bare soil plots. This effect may be
comparable with results from long-term warming studies describ-
ing a decline in microbial biomass caused by substrate depletion
(Walker et al., 2018).

Although N fertilization affected N pools in the bare soil and arti-
ficial soil cover plots, we found surprisingly little alterations in extra-
cellular enzyme activities (Figure 3; Table 2). It is worth noting that
the application of an N load of 1.5 g N m™2 year?, equaling around
ten times the atmospheric background deposition, apparently had
less impact on soil enzyme activities than the soil cover treatments.
This underlines that the control mosses exert on microbial decompo-
sition processes via their impact on soil physical properties is crucial
in the regulation of N cycling in such ecosystems.

A comparison of the applied N load with the N cycling rates in soil
shows that, given a gross N mineralization rate of 0.041 g N m2 day™*
in the bare soil plots, 1.5 g N/m? were (gross) mineralized by soil
microbes in the organic horizon within about 35 days. The slight in-
crease in gross N mineralization rates in the bare soil plots compared
to the moss plots would, extrapolated to three summer months,
yield an increase in gross NH;r production of 0.9 g N/m? per sum-
mer, and a doubling in gross NH;r consumption by the moss removal
would cause an increase in gross NH;r consumption of 2.3 g N/m?
per summer, which are values at the same order of magnitude as
the applied N load with fertilization. This demonstrates the potential
strong impact of minor alterations in microbial N dynamics on eco-
system N cycling.

In this study we investigated the effects of bryophytes on soil
enzyme activities and N cycling in a subarctic birch forest by a moss
removal/artificial soil cover experiment combined with an N fertil-
ization experiment. Our findings highlight the capacity of mosses to
reduce soil N availability and retard N cycling. The comparison with
artificial soil cover plots suggests that the effect of mosses on N
cycling is linked to the thermal insulation capacity of mosses causing

low average soil temperature in summer and strongly reduced soil
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temperature fluctuations, the latter also leading to a decreased fre-
quency of freeze-thaw events in autumn and spring. Our results also
showed, however, that the negative temperature effect of mosses
on soil microbial activity was in part compensated by stimulatory
effects of the moss layer, possibly linked to leaching of labile sub-
strates from the moss. Furthermore, our results reveal that bryo-
phytes efficiently sequester additional N in wet deposition and thus
prevent effects of increased atmospheric N deposition on soil N
availability and soil processes at the time-scale investigated in our
study. Our study emphasizes the important role of bryophytes in
carbon and nutrient cycling in high-latitude ecosystems and the po-
tential strong impacts of reductions in moss abundance on microbial
decomposition processes and nutrient availability in subarctic and
boreal forests.

ACKNOWLEDGEMENTS

We are grateful to Balduin Landl, Esben Vedel Nielsen and Ivana
Bogdanovic for help with field and laboratory work and to Ellen
Dorrepaal and Keith Larson (Climate Impact Research Centre) for
access to instruments and equipment. Abisko Research Station pro-
vided excellent facilities for performing this study, and we also thank
ANS staff for logistic support. This project was supported by an
Erwin-Schrodinger fellowship from Austrian Science Fund to M.K.
(FWEF, project nr. J4015 - B29) and by the Danish National Research
Foundation (CENPERM DNRF100). We thank three reviewers for
helpful comments in improving the manuscript.

AUTHORS' CONTRIBUTIONS

M.K. conceived the study, performed the field experiment, analysed
samples and data and led the writing of the manuscript; A.M. con-
tributed significantly to all parts of the work and approved the final
version of the manuscript.

PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1111/1365-2745.13567.

DATA AVAILABILITY STATEMENT

All data of this study have been archived at Dryad Digital Repository
https://doi.org/10.5061/dryad.zcrjdfn95 (Koranda & Michelsen,
2020).

ORCID

Marianne Koranda https://orcid.org/0000-0002-3271-4521

Anders Michelsen https://orcid.org/0000-0002-9541-8658

REFERENCES

Alatalo, J. M., Jagerbrand, A. K., & Molau, U. (2015). Testing reliability
of short-term responses to predict longer-term responses of bryo-
phytes and lichens to environmental change. Ecological Indicators, 58,
77-85. https://doi.org/10.1016/j.ecolind.2015.05.050

Bach, C.E.,Warnock, D.D.,VanHorn, D. J., Weintraub, M. N,, Sinsabaugh,
R. L., Allison, S. D., & German, D. P. (2013). Measuring phenol oxidase
and peroxidase activities with pyrogallol, I-DOPA, and ABTS: Effect

of assay conditions and soil type. Soil Biology and Biochemistry, 67,
183-191. https://doi.org/10.1016/j.s0ilbio.2013.08.022

Barton, K. (2016). MuMiIn: Multi-model inference. Retrieved from https://
cran.r-project.org/web/packages/MuMIn/index.html

Bates, J. (1992). Mineral nutrient acquisition and retention by bryo-
phytes. Journal of Bryology, 17, 223-240. https://doi.org/10.1179/
jbr.1992.17.2.223

Bell, C. W,, Fricks, B. E., Rocca, J. D., Steinweg, J. M., Mcmahon, S. K,
& Wallenstein, M. D. (2013). High-throughput fluorometric mea-
surement of potential soil extracellular enzyme activities. Journal of
Visualized Experiments. https://doi.org/10.3791/50961

Blagodatskaya, E., & Kuzyakov, Y. (2008). Mechanisms of real and appar-
ent priming effects and their dependence on soil microbial biomass
and community structure: Critical review. Biology and Fertility of Soils,
45, 115-131. https://doi.org/10.1007/s00374-008-0334-y

Blok, D., Heijmans, M. M. P. D., Schaepman-Strub, G., van Ruijven,
J., Parmentier, F. J. W., Maximov, T. C., & Berendse, F. (2011). The
cooling capacity of mosses: Controls on water and energy fluxes
in a siberian tundra site. Ecosystems, 14(7), 1055-1065. https://doi.
org/10.1007/s10021-011-9463-5

Bragazza, L. (2008). A climatic threshold triggers the die-off of peat
mosses during an extreme heat wave. Global Change Biology, 14(11),
2688-2695. https://doi.org/10.1111/j.1365-2486.2008.01699.x

Bret-Harte, M. S., Garcia, E. A., Sacré, V. M., Whorley, J. R., Wagner,
J. L., Lippert, S. C., & Chapin, F. S. (2004). Plant and soil responses
to neighbour removal and fertilization in Alaskan tussock tun-
dra. Journal of Ecology, 92, 635-647. https://doi.org/10.1111/
j.0022-0477.2004.00902.x

Brookes, P., Landman, A., Pruden, G., & Jenkinson, D. S. (1985).
Chloroform fumigation and the release of soil-nitrogen - A rapid
direct extraction method to measure microbial biomass nitrogen
in soil. Soil Biology and Biochemistry, 17(6), 837-842. https://doi.
org/10.1016/0038-0717(85)90144-0

Burns, R. G., DeForest, J. L., Marxsen, J., Sinsabaugh, R. L., Stromberger,
M. E., Wallenstein, M. D., Weintraub, M. N., & Zoppini, A. (2013). Soil
enzymes in a changing environment: Current knowledge and future
directions. Soil Biology and Biochemistry, 58, 216-234. https://doi.
org/10.1016/j.s0ilbio.2012.11.009

Buyer, J. S., & Sasser, M. (2012). High throughput phospholipid fatty
acid analysis of soils. Applied Soil Ecology, 61, 127-130. https://doi.
org/10.1016/j.aps0il.2012.06.005

Carey, J. C,, Tang, J., Templer, P. H., Kroeger, K. D., Crowther, T. W.,,
Burton, A. J., Dukes, J. S., Emmett, B., Frey, S. D., Heskel, M. A., Jiang,
L., Machmuller, M. B., Mohan, J., Panetta, A. M., Reich, P. B., Reinsch,
S., Wang, X., Allison, S. D., Bamminger, C., ... Tietema, A. (2016).
Temperature response of soil respiration largely unaltered with ex-
perimental warming. Proceedings of the National Academy of Sciences
of the United States of America, 113(48), 13797-13802. https://doi.
org/10.1073/pnas.1605365113

Davidson, E. A., & Janssens, I. A. (2006). Temperature sensitivity of soil
carbon decomposition and feedbacks to climate change. Nature,
440(7081), 165-173. https://doi.org/10.1038/nature04514

Deluca, T. H., Zackrisson, O., Nilsson, M. C., & Sellstedt, A. (2002).
Quantifying nitrogen-fixation in feather moss carpets of boreal for-
ests. Nature, 419(6910), 917-920. https://doi.org/10.1038/nature
01051

Diaz, S., Symstad, A. J., Chapin, F. S., Wardle, D. A., & Huenneke, L. F.
(2003). Functional diversity revealed by removal experiments. Trends
in Ecology & Evolution, 18(3), 140-146. https://doi.org/10.1016/
S0169-5347(03)00007-7

Eckstein, R. L. (2000). Nitrogen retention by Hylocomium splendens in a
subarctic birch woodland. Journal of Ecology, 88(3), 506-515. https://
doi.org/10.1046/j.1365-2745.2000.00480.x

Fanin, N., Kardol, P, Farrell, M., Kempel, A., Ciobanu, M., Nilsson, M.-C.,
Gundale, M. J., & Wardle, D. A. (2019). Effects of plant functional


https://publons.com/publon/10.1111/1365-2745.13567
https://publons.com/publon/10.1111/1365-2745.13567
https://doi.org/10.5061/dryad.zcrjdfn95
https://orcid.org/0000-0002-3271-4521
https://orcid.org/0000-0002-3271-4521
https://orcid.org/0000-0002-9541-8658
https://orcid.org/0000-0002-9541-8658
https://doi.org/10.1016/j.ecolind.2015.05.050
https://doi.org/10.1016/j.soilbio.2013.08.022
https://cran.r-project.org/web/packages/MuMIn/index.html
https://cran.r-project.org/web/packages/MuMIn/index.html
https://doi.org/10.1179/jbr.1992.17.2.223
https://doi.org/10.1179/jbr.1992.17.2.223
https://doi.org/10.3791/50961
https://doi.org/10.1007/s00374-008-0334-y
https://doi.org/10.1007/s10021-011-9463-5
https://doi.org/10.1007/s10021-011-9463-5
https://doi.org/10.1111/j.1365-2486.2008.01699.x
https://doi.org/10.1111/j.0022-0477.2004.00902.x
https://doi.org/10.1111/j.0022-0477.2004.00902.x
https://doi.org/10.1016/0038-0717(85)90144-0
https://doi.org/10.1016/0038-0717(85)90144-0
https://doi.org/10.1016/j.soilbio.2012.11.009
https://doi.org/10.1016/j.soilbio.2012.11.009
https://doi.org/10.1016/j.apsoil.2012.06.005
https://doi.org/10.1016/j.apsoil.2012.06.005
https://doi.org/10.1073/pnas.1605365113
https://doi.org/10.1073/pnas.1605365113
https://doi.org/10.1038/nature04514
https://doi.org/10.1038/nature01051
https://doi.org/10.1038/nature01051
https://doi.org/10.1016/S0169-5347(03)00007-7
https://doi.org/10.1016/S0169-5347(03)00007-7
https://doi.org/10.1046/j.1365-2745.2000.00480.x
https://doi.org/10.1046/j.1365-2745.2000.00480.x

1436 Journal of Ecology

KORANDA anp MICHELSEN

group removal on structure and function of soil communities across
contrasting ecosystems. Ecology Letters, 22(7), 1095-1103. https://
doi.org/10.1111/ele. 13266

Forsum, A., Dahlman, L., Nisholm, T., & Nordin, A. (2006). Nitrogen
utilization by Hylocomium splendens in a boreal forest fertiliza-
tion experiment. Functional Ecology, 20(3), 421-426. https://doi.
org/10.1111/j.1365-2435.2006.01127.x

Fraser, F. C., Hallett, P. D., Wookey, P. A., Hartley, I. P., & Hopkins, D.
W. (2013). How do enzymes catalysing soil nitrogen transformations
respond to changing temperatures? Biology and Fertility of Soils, 49(1),
99-103. https://doi.org/10.1007/s00374-012-0722-1

German, D. P., Weintraub, M. N., Grandy, A. S., Lauber, C. L., Rinkes,
Z. L., & Allison, S. D. (2011). Optimization of hydrolytic and ox-
idative enzyme methods for ecosystem studies. Soil Biology and
Biochemistry, 43, 1387-1397. https://doi.org/10.1016/j.s0ilbio.2011.
03.017

Gittel, A., Barta, J., Kohoutova, |., Schnecker, J., Wild, B., Capek, P,
Kaiser, C., Torsvik, V. L., Richter, A., Schleper, C., & Urich, T. (2014).
Site- and horizon-specific patterns of microbial community structure
and enzyme activities in permafrost-affected soils of Greenland.
Frontiers in Microbiology, 5(Oct), 1-14. https://doi.org/10.3389/
fmicb.2014.00541

Gornall, J. L., Jonsdottir, I. S., Woodin, S. J., & van Der Wal, R. (2007).
Arctic mosses govern below-ground environment and ecosystem
processes. Oecologia, 153, 931-941. https://doi.org/10.1007/s0044
2-007-0785-0

Gundale, M. J,, Deluca, T. H., & Nordin, A. (2011). Bryophytes attenu-
ate anthropogenic nitrogen inputs in boreal forests. Global Change
Biology, 17(8), 2743-2753. https://doi.org/10.1111/j.1365-2486.
2011.02407.x

Gundale, M. J., Hyodo, F., Nilsson, M. C., & Wardle, D. A. (2012). Nitrogen
niches revealed through species and functional group removal in a
boreal shrub community. Ecology, 93(7), 1695-1706. https://doi.org/
10.1890/11-1877.1

Hajek, T., Ballance, S., Limpens, J., Zijlstra, M., & Verhoeven, J. T. A.
(2011). Cell-wall polysaccharides play an important role in decay
resistance of Sphagnum and actively depressed decomposition in
vitro. Biogeochemistry, 103(1), 45-57. https://doi.org/10.1007/s1053
3-010-9444-3

Hobbie, S. E. (1996). Temperature and plant species control over litter
decomposition in Alaskan Tundra. Ecological Monographs, 66(4), 503-
522. https://doi.org/10.2307/2963492

Jagerbrand, A. K., Alatalo, J. M., Chrimes, D., & Molau, U. (2009). Plant
community responses to 5 years of simulated climate change in
meadow and heath ecosystems at a subarctic-alpine site. Oecologia,
161(3), 601-610. https://doi.org/10.1007/s00442-009-1392-z

Jagerbrand, A. K., Kudo, G., Alatalo, J. M., & Molau, U. (2012). Effects
of neighboring vascular plants on the abundance of bryophytes in
different vegetation types. Polar Science, 6(2), 200-208. https://doi.
org/10.1016/j.polar.2012.02.002

Jonasson, S., Havstrom, M., Jensen, M., & Callaghan, T. V. (1993). In situ
mineralization of nitrogen and phosphorus of arctic soils after per-
turbations simulating climate change. Oecologia, 95(2), 179-186.

Jonasson, S., Michelsen, A., Schmidt, I. K., Nielsen, E. V., & Callaghan,
T. V. (1996). Microbial biomass C, N and P in two arctic soils and re-
sponses to addition of NPK fertilizer and sugar: Implications for plant
nutrient uptake. Oecologia, 106(4), 507-515.

Jorgenson, J. C., Raynolds, M. K., Reynolds, J. H., & Benson, A. M.
(2015). Twenty-five year record of changes in plant cover on tundra
of Northeastern Alaska. Arctic, Antarctic, and Alpine Research, 47(4),
785-806. https://doi.org/10.1657/AAAR0014-097

Kaiser, C., Meyer, H., Biasi, C., Rusalimova, O., Barsukov, P., & Richter,
A. (2005). Storage and mineralization of carbon and nitrogen in soils
of a frost-boil tundra ecosystem in Siberia. Applied Soil Ecology, 29,
173-183. https://doi.org/10.1016/j.aps0il.2004.10.005

Kirschbaum, M. (2004). Soil respiration under prolonged soil warming:
Are rate reductions caused by acclimation or substrate loss? Global
Change Biology, 10, 1870-1877. https://doi.org/10.1111/j.1365-2486.
2004.00852.x

Koranda, M., Kerschbaum, S., Wanek, W., Zechmeister, H., & Richter, A.
(2007). Physiological responses of bryophytes Thuidium tamarisc-
inum and Hylocomium splendens to increased nitrogen deposition.
Annals of Botany, 99, 161-169. https://doi.org/10.1093/aob/mcl239

Koranda, M., & Michelsen, A. (2020). Data from: Mosses reduce soil ni-
trogen availability in a subarctic birch forest via effects on soil ther-
mal regime and sequestration of nitrogen deposition. Dryad Digital
Repository, https://doi.org/10.5061/dryad.zcrjdfn95

Kuznetsova, A., Brockhoff, P., & Christensen, R.(2017). ImerTest package:
Tests in linear mixed effects models. Journal of Statistical Software,
82(13), 1-26. https://doi.org/10.18637/jss.v082.i13

Lang, S. 1., Cornelissen, J. H. C., Klahn, T., Van Logtestijn, R. S. P., Broekman,
R., Schweikert, W., & Aerts, R. (2009). An experimental comparison of
chemical traits and litter decomposition rates in a diverse range of sub-
arctic bryophyte, lichen and vascular plant species. Journal of Ecology,
97(5), 886-900. https://doi.org/10.1111/j.1365-2745.2009.01538.x

Lang, S. I., Cornelissen, J. H. C., Shaver, G. R., Ahrens, M., Callaghan,
T. V,, Molau, U., Ter Braak, C. J. F.,, Holzer, A., & Aerts, R. (2012).
Arctic warming on two continents has consistent negative ef-
fects on lichen diversity and mixed effects on bryophyte diversity.
Global Change Biology, 18(3), 1096-1107. https://doi.org/10.1111/
j.1365-2486.2011.02570.x

Larsen, K. S., Jonasson, S., & Michelsen, A. (2002). Repeated freeze-
thaw cycles and their effects on biological processes in two arctic
ecosystem types. Applied Soil Ecology, 21(3), 187-195. https://doi.
org/10.1016/50929-1393(02)00093-8

Lindo, Z., Nilsson, M. C., & Gundale, M. J. (2013). Bryophyte-
cyanobacteria associations as regulators of the northern latitude
carbon balance in response to global change. Global Change Biology,
19(7), 2022-2035. https://doi.org/10.1111/gcb.12175

Marafén-Jiménez, S., Pefuelas, J., Richter, A., Sigurdsson, B. D.,
Fuchslueger, L., Leblans, N. I. W., & Janssens, I. A. (2019). Coupled
carbon and nitrogen losses in response to seven years of chronic
warming in subarctic soils. Soil Biology and Biochemistry, 134(July
2018), 152-161. https://doi.org/10.1016/j.s0ilbio.2019.03.028

Myrold, D., & Tiedje, J. (1986). Simultaneous estimation of several
nitrogen-cycle rates using N-15 - Theory and application. Soil Biology
and Biochemistry, 18, 559-568.

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for
obtaining R? from generalized linear mixed-effects models. Methods
in Ecology and Evolution, 4(2), 133-142. https://doi.org/10.1111/
j.2041-210x.2012.00261.x

Nilsson, M.-C., & Wardle, D. A. (2005). Understory vegetation as a forest
ecosystem driver: Evidence from the northern Swedish boreal forest.
Frontiers in Ecology and the Environment, 3(8), 421-428.

Oechel, W. C., & Van Cleve, K. (1986). The role of bryophytes in nutrient
cycling in the Taiga. In K. Van Cleve (Ed.), Forest ecosystems in the
Alaskan Taiga (pp. 121-137). Springer.

Olander, L. P., & Vitousek, P. M. (2000). Regulation of soil phosphatase
and chitinase activity by N and P availability. Biogeochemistry, 49(2),
175-190. https://doi.org/10.1023/A:1006316117817

Pearce, I. S. K., & van der Wal, R. (2002). Effects of nitrogen deposition
on growth and survival of montane Racomitrium lanuginosum heath.
Biological Conservation, 104(1), 83-89. https://doi.org/10.1016/
s0006-3207(01)00156-2

Phil-Karlsson, G., Akselsson, C., Hellsten, S., Karlsson, P., & Malm, G.
(2009). Overvakning av luftféroreningar i norra Sverige - Matningar
och modellering. IVL Rapport B, 1851.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., & Team R Core. (2018). nime:
Linear and nonlinear mixed effects models. Retrieved from https://
cran.r-project.org/package=nlme


https://doi.org/10.1111/ele.13266
https://doi.org/10.1111/ele.13266
https://doi.org/10.1111/j.1365-2435.2006.01127.x
https://doi.org/10.1111/j.1365-2435.2006.01127.x
https://doi.org/10.1007/s00374-012-0722-1
https://doi.org/10.1016/j.soilbio.2011.03.017
https://doi.org/10.1016/j.soilbio.2011.03.017
https://doi.org/10.3389/fmicb.2014.00541
https://doi.org/10.3389/fmicb.2014.00541
https://doi.org/10.1007/s00442-007-0785-0
https://doi.org/10.1007/s00442-007-0785-0
https://doi.org/10.1111/j.1365-2486.2011.02407.x
https://doi.org/10.1111/j.1365-2486.2011.02407.x
https://doi.org/10.1890/11-1877.1
https://doi.org/10.1890/11-1877.1
https://doi.org/10.1007/s10533-010-9444-3
https://doi.org/10.1007/s10533-010-9444-3
https://doi.org/10.2307/2963492
https://doi.org/10.1007/s00442-009-1392-z
https://doi.org/10.1016/j.polar.2012.02.002
https://doi.org/10.1016/j.polar.2012.02.002
https://doi.org/10.1657/AAAR0014-097
https://doi.org/10.1016/j.apsoil.2004.10.005
https://doi.org/10.1111/j.1365-2486.2004.00852.x
https://doi.org/10.1111/j.1365-2486.2004.00852.x
https://doi.org/10.1093/aob/mcl239
https://doi.org/10.5061/dryad.zcrjdfn95
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1111/j.1365-2745.2009.01538.x
https://doi.org/10.1111/j.1365-2486.2011.02570.x
https://doi.org/10.1111/j.1365-2486.2011.02570.x
https://doi.org/10.1016/S0929-1393(02)00093-8
https://doi.org/10.1016/S0929-1393(02)00093-8
https://doi.org/10.1111/gcb.12175
https://doi.org/10.1016/j.soilbio.2019.03.028
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1023/A:1006316117817
https://doi.org/10.1016/s0006-3207(01)00156-2
https://doi.org/10.1016/s0006-3207(01)00156-2
https://cran.r-project.org/package=nlme
https://cran.r-project.org/package=nlme

KORANDA anp MICHELSEN

Journal of Ecology 1437

Pold, G., Melillo, J. M., & DeAngelis, K. M. (2015). Two decades of warm-
ing increases diversity of a potentially lignolytic bacterial commu-
nity. Frontiers in Microbiology, 6(May). https://doi.org/10.3389/fmicb.
2015.00480

R Core Team. (2018). R: A language and environment for statistical comput-
ing. Retrieved from https://www.r-project.org/

Ravn, N. R., Elberling, B., & Michelsen, A. (2017). The fate of 13C15N
labelled glycine in permafrost and surface soil at simulated thaw in
mesocosms from high arctic and subarctic ecosystems. Plant and Soil,
419,201-218. https://doi.org/10.1007/s11104-017-3322-x

Rousk, K., Jones, D. L., & DelLuca, T. H. (2013). Moss-cyanobacteria as-
sociations as biogenic sources of nitrogen in boreal forest ecosys-
tems. Frontiers in Microbiology, 3. https://doi.org/10.3389/fmicb.
2013.00150

Rousk, K., Jones, D. L., & DelLuca, T. H. (2014). Moss-nitrogen input to
boreal forest soils: Tracking 15N in a field experiment. Soil Biology
and Biochemistry, 72, 100-104. https://doi.org/10.1016/j.soilbio.
2014.01.031

Rustad, L., Campbell, J., Marion, G., Norby, R., Mitchell, M., Hartley,
A., Cornelissen, J., & Gurevitch, J. (2001). A meta-analysis of
the response of soil respiration, net nitrogen mineralization, and
aboveground plant growth to experimental ecosystem warming.
Oecologia, 126(4), 543-562. https://doi.org/10.1007/s00442000
0544

Saiya-Cork, K. R., Sinsabaugh, R. L., & Zak, D. R. (2002). The effects of
long term nitrogen deposition on extracellular enzyme activity in an
Acer saccharum forest soil. Soil Biology and Biochemistry, 34(9), 1309~
1315. https://doi.org/10.1016/50038-0717(02)00074-3

Sinsabaugh, R. L. (2010). Phenol oxidase, peroxidase and organic matter
dynamics of soil. Soil Biology and Biochemistry, 42, 391-404. https://
doi.org/10.1016/j.s0ilbio.2009.10.014

Sinsabaugh, R. L., Lauber, C. L., Weintraub, M. N., Ahmed, B., Allison,
S. D,, Crenshaw, C., Contosta, A. R., Cusack, D., Frey, S., Gallo, M.
E., Gartner, T. B., Hobbie, S. E., Holland, K., Keeler, B. L., Powers,
J. S., Stursova, M., Takacs-Vesbach, C., Waldrop, M. P., Wallenstein,
M. D., ... Zeglin, L. H. (2008). Stoichiometry of soil enzyme ac-
tivity at global scale. Ecology Letters, 11, 1252-1264. https://doi.
org/10.1111/j.1461-0248.2008.01245.x

Slate, M. L., Sullivan, B. W., & Callaway, R. M. (2019). Desiccation and
rehydration of mosses greatly increases resource fluxes that alter soil
carbon and nitrogen cycling. Journal of Ecology, 107(4), 1767-1778.
https://doi.org/10.1111/1365-2745.13162

Song, Y., Zou, Y., Wang, G., & Yu, X. (2017). Altered soil carbon and ni-
trogen cycles due to the freeze-thaw effect: A meta-analysis. Soil
Biology and Biochemistry, 109, 35-49. https://doi.org/10.1016/j.soilb
i0.2017.01.020

Sorensen, P. L., Lett, S., & Michelsen, A. (2012). Moss-specific changes
in nitrogen fixation following two decades of warming, shading,
and fertilizer addition. Plant Ecology, 213(4), 695-706. https://doi.
org/10.1007/s11258-012-0034-4

Soudzilovskaia, N. A., van Bodegom, P. M., & Cornelissen, J. H. C. (2013).
Dominant bryophyte control over high-latitude soil temperature
fluctuations predicted by heat transfer traits, field moisture regime
and laws of thermal insulation. Functional Ecology, 27(6), 1442-1454.
https://doi.org/10.1111/1365-2435.12127

Startsev, N. A, Lieffers, V. J., & McNabb, D. H. (2007). Effects of feath-
ermoss removal, thinning and fertilization on lodgepole pine growth,
soil microclimate and stand nitrogen dynamics. Forest Ecology and
Management, 240(1-3), 79-86. https://doi.org/10.1016/j.foreco.
2006.12.010

Steinweg, J. M., Fisk, M. C., McAlexander, B., Groffman, P. M., & Hardy,
J. P. (2008). Experimental snowpack reduction alters organic mat-
ter and net N mineralization potential of soil macroaggregates in a
northern hardwood forest. Biology and Fertility of Soils, 45(1), 1-10.
https://doi.org/10.1007/s00374-008-0305-3

Stone, M. M., Weiss, M. S., Goodale, C. L., Adams, M. B., Fernandez,
I. J., German, D. P.,, & Allison, S. D. (2012). Temperature sensitiv-
ity of soil enzyme kinetics under N-fertilization in two temper-
ate forests. Global Change Biology, 18(3), 1173-1184. https://doi.
org/10.1111/j.1365-2486.2011.02545.x

Street, L. E., Mielke, N., & Woodin, S. J. (2018). Phosphorus availabil-
ity determines the response of tundra ecosystem carbon stocks
to nitrogen enrichment. Ecosystems, 21(6), 1155-1167. https://doi.
org/10.1007/s10021-017-0209-x

Street, L. E., Subke, J. A., Sommerkorn, M., Sloan, V., Ducrotoy, H.,
Phoenix, G. K., & Williams, M. (2013). The role of mosses in carbon
uptake and partitioning in arctic vegetation. New Phytologist, 199(1),
163-175. https://doi.org/10.1111/nph.12285

Turetsky, M. R. (2003). The role of bryophytes in carbon and nitrogen
cycling. Bryologist, 106(3), 395-409. https://doi.org/10.1639/05

van der Wal, R., Pearce, I. S. K., & Brooker, R. W. (2005). Mosses and
the struggle for light in a nitrogen-polluted world. Oecologia, 142(2),
159-168. https://doi.org/10.1007/s00442-004-1706-0

van Wijk, M. T., Clemmensen, K. E., Shaver, G. R., Williams, M., Callaghan, T.
V., Chapin, F. S., Cornelissen, J. H. C., Gough, L., Hobbie, S. E., Jonasson,
S., Lee, J. A., Michelsen, A., Press, M. C., Richardson, S. J., & Rueth, H.
(2004). Long-term ecosystem level experiments at Toolik Lake, Alaska,
and at Abisko, Northern Sweden: Generalizations and differences in eco-
system and plant type responses to global change. Global Change Biology,
10(1), 105-123. https://doi.org/10.1111/j.1365-2486.2003.00719.x

Verhoeven, J. T. A., & Toth, E. (1995). Decomposition of Carex and
Sphagnum litter in fens: Effect of litter quality and inhibition by living
tissue homogenates. Soil Biology and Biochemistry, 27(3), 271-275.
https://doi.org/10.1016/0038-0717(94)00183-2

Walker, M. D., Wahren, C. H., Hollister, R. D., Henry, G. H. R., Ahlquist,
L. E., Alatalo, J. M., Bret-Harte, M. S., Calef, M. P., Callaghan, T. V.,
Carroll, A. B., Epstein, H. E., Jonsdéttir, I. S., Klein, J. A., Magnusson,
B., Molau, U., Oberbauer, S. F., Rewa, S. P,, Robinson, C. H., Shaver,
G.R,, ... Wookey, P. A. (2006). Plant community responses to experi-
mental warming across the tundra biome. Proceedings of the National
Academy of Sciences of the United States of America, 103(5), 1342-
1346. https://doi.org/10.1073/pnas.0503198103

Walker, T. W. N, Kaiser, C., Strasser, F., Herbold, C. W,, Leblans, N. . W.,
Woebken, D., Janssens, I. A., Sigurdsson, B. D., & Richter, A. (2018).
Microbial temperature sensitivity and biomass change explain soil
carbon loss with warming. Nature Climate Change, 8(10), 885-889.
https://doi.org/10.1038/s41558-018-0259-x

Wallenstein, M. D., & Weintraub, M. N. (2008). Emerging tools for
measuring and modeling the in situ activity of soil extracellular en-
zymes. Soil Biology and Biochemistry, 40, 2098-2106. https://doi.
org/10.1016/j.s0ilbio.2008.01.024

Wardle, D. A., & Zackrisson, O. (2005). Effects of species and functional
group loss on island ecosystem properties. Nature, 435(7043), 806-
810. https://doi.org/10.1038/nature03611

Weedon, J. T., Kowalchuk, G. A., Aerts, R., van Hal, J., van Logtestijn,
R., Tas, N., Réling, W. F. M., & Van Bodegom, P. (2012). Summer
warming accelerates sub-arctic peatland nitrogen cycling with-
out changing enzyme pools or microbial community structure.
Global Change Biology, 18(1), 138-150. https://doi.org/10.1111/
j.1365-2486.2011.02548.x

Wilson, J., & Coxson, D. S. (1999). Carbon flux in a subalpine spruce-fir
forest: Pulse release from Hylocomium splendens feather-moss mats.
Canadian Journal of Botany, 77(4), 564-569.

Wookey, P. A., Aerts, R., Bardgett, R. D., Baptist, F., Brathen, K. A.,
Cornelissen, J. H. C., Gough, L., Hartley, I. P., Hopkins, D. W.,
Lavorel, S., & Shaver, G. R. (2009). Ecosystem feedbacks and
cascade processes: Understanding their role in the responses of
Arctic and alpine ecosystems to environmental change. Global
Change Biology, 15(5), 1153-1172. https://doi.org/10.1111/
j.1365-2486.2008.01801.x


https://doi.org/10.3389/fmicb.2015.00480
https://doi.org/10.3389/fmicb.2015.00480
https://www.r-project.org/
https://doi.org/10.1007/s11104-017-3322-x
https://doi.org/10.3389/fmicb.2013.00150
https://doi.org/10.3389/fmicb.2013.00150
https://doi.org/10.1016/j.soilbio.2014.01.031
https://doi.org/10.1016/j.soilbio.2014.01.031
https://doi.org/10.1007/s004420000544
https://doi.org/10.1007/s004420000544
https://doi.org/10.1016/S0038-0717(02)00074-3
https://doi.org/10.1016/j.soilbio.2009.10.014
https://doi.org/10.1016/j.soilbio.2009.10.014
https://doi.org/10.1111/j.1461-0248.2008.01245.x
https://doi.org/10.1111/j.1461-0248.2008.01245.x
https://doi.org/10.1111/1365-2745.13162
https://doi.org/10.1016/j.soilbio.2017.01.020
https://doi.org/10.1016/j.soilbio.2017.01.020
https://doi.org/10.1007/s11258-012-0034-4
https://doi.org/10.1007/s11258-012-0034-4
https://doi.org/10.1111/1365-2435.12127
https://doi.org/10.1016/j.foreco.2006.12.010
https://doi.org/10.1016/j.foreco.2006.12.010
https://doi.org/10.1007/s00374-008-0305-3
https://doi.org/10.1111/j.1365-2486.2011.02545.x
https://doi.org/10.1111/j.1365-2486.2011.02545.x
https://doi.org/10.1007/s10021-017-0209-x
https://doi.org/10.1007/s10021-017-0209-x
https://doi.org/10.1111/nph.12285
https://doi.org/10.1639/05
https://doi.org/10.1007/s00442-004-1706-0
https://doi.org/10.1111/j.1365-2486.2003.00719.x
https://doi.org/10.1016/0038-0717(94)00183-2
https://doi.org/10.1073/pnas.0503198103
https://doi.org/10.1038/s41558-018-0259-x
https://doi.org/10.1016/j.soilbio.2008.01.024
https://doi.org/10.1016/j.soilbio.2008.01.024
https://doi.org/10.1038/nature03611
https://doi.org/10.1111/j.1365-2486.2011.02548.x
https://doi.org/10.1111/j.1365-2486.2011.02548.x
https://doi.org/10.1111/j.1365-2486.2008.01801.x
https://doi.org/10.1111/j.1365-2486.2008.01801.x

1438 Journal of Ecology

KORANDA anp MICHELSEN

Wau, J., Joergensen, R. G., Pommering, B., Chaussod, R., & Brookes, P.
C. (1990). Measurement of soil microbial biomass C by fumigation
extraction - An automated procedure. Soil Biology and Biochemistry,
22(8), 1167-1169. https://doi.org/10.1016/0038-0717(90)90046-3

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Koranda M, Michelsen A. Mosses
reduce soil nitrogen availability in a subarctic birch forest via
effects on soil thermal regime and sequestration of deposited
nitrogen. J Ecol. 2021;109:1424-1438. https://doi.
org/10.1111/1365-2745.13567



https://doi.org/10.1016/0038-0717(90)90046-3
https://doi.org/10.1111/1365-2745.13567
https://doi.org/10.1111/1365-2745.13567

