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Abstract
Climate change in high latitude regions leads to both higher temperatures and more 
precipitation but their combined effects on terrestrial ecosystem processes are 
poorly understood. In nitrogen (N) limited and often moss-dominated tundra and bo-
real ecosystems, moss-associated N2 fixation is an important process that provides 
new N. We tested whether high mean annual precipitation enhanced experimental 
warming effects on growing season N2 fixation in three common arctic-boreal moss 
species adapted to different moisture conditions and evaluated their N contribution 
to the landscape level. We measured in situ N2 fixation rates in Hylocomium splendens, 
Pleurozium schreberi and Sphagnum spp. from June to September in subarctic tundra in 
Sweden. We exposed mosses occurring along a natural precipitation gradient (mean 
annual precipitation: 571–1155 mm) to 8 years of experimental summer warming using 
open-top chambers before our measurements. We modelled species-specific sea-
sonal N input to the ecosystem at the colony and landscape level. Higher mean annual 
precipitation clearly increased N2 fixation, especially during peak growing season and 
in feather mosses. For Sphagnum-associated N2 fixation, high mean annual precipi-
tation reversed a small negative warming response. By contrast, in the dry-adapted 
feather moss species higher mean annual precipitation led to negative warming ef-
fects. Modelled total growing season N inputs for Sphagnum spp. colonies were two 
to three times that of feather mosses at an area basis. However, at the landscape 
level where feather mosses were more abundant, they contributed 50% more N than 
Sphagnum. The discrepancy between modelled estimates of species-specific N input 
via N2 fixation at the moss core versus ecosystem scale, exemplify how moss cover is 
essential for evaluating impact of altered N2 fixation. Importantly, combined effects 
of warming and higher mean annual precipitation may not lead to similar responses 
across moss species, which could affect moss fitness and their abilities to buffer en-
vironmental changes.
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1  |  INTRODUC TION

Plant primary production in boreal, subarctic and arctic ecosys-
tems is generally N limited (Du et  al.,  2020), as anthropogenic N 
deposition is low and low temperatures restrict microbial N recy-
cling (Li et al., 2020; Nadelhoffer et al., 1992; Salazar et al., 2020). 
Consequently, N input via biological fixation by moss-associated 
bacteria can amount to quantities close to annual tundra plant re-
quirements (Rousk et al., 2016; Rousk, Sorensen, & Michelsen, 2017) 
and is therefore a key component in the N budget of arctic ecosys-
tems (DeLuca et al., 2002; Rousk et al., 2015; Stewart et al., 2011). 
As N2 fixation is a moisture and temperature sensitive process, N2 
fixation rates can be expected to increase with projected increases 
in precipitation and temperatures in cold ecosystems (Bintanja & 
Andry, 2017; IPCC, 2021). However, higher temperatures can reduce 
moisture availability, which may instead hamper moss-associated N2 
fixation (Deslippe et al., 2005; Sorensen et al., 2012). Moss species 
differ in their sensitivity to changes in temperature and moisture 
(Furness & Grime, 1982; Stuiver et al., 2014) Their associated N2 fix-
ation might therefore respond differently to the expected changes 
in climate (Bintanja & Andry, 2017). A crucial prerequisite for quan-
tifying changes in large-scale ecosystem N input via mosses in a 
future climate is therefore to understand how the combined, and 
likely interacting, effects of changes in temperature and precipita-
tion depend on moss characteristics, but so far this has not been 
accomplished in situ.

Biological N2 fixation rates are theoretically directly enhanced 
by warming and the temperature optimum for nitrogenase, the en-
zyme fixing N, varies and can be as high as 40°C (Stal, 2017; Zielke 
et al., 2002). However, in situ, higher temperatures are often asso-
ciated with drier conditions and the availability of moisture is a pre-
requisite for N2 fixation (Reed et al., 2011). As a result, ecosystems 
subjected to experimental warming or peak growing season condi-
tions often show decreased or stagnant N2 fixation rates (Gundale 
et al., 2009; Sorensen et al., 2012). Alleviating water stress by short-
term experimental water addition alone can increase moss N2 fixa-
tion rates more than warming of 1–2°C alone (Rousk et al., 2018) and 
tissue moisture content sometimes influences warming responses in 
moss-associated N2 fixation in vitro (Rousk, Pedersen, et al., 2017). 
However, projecting the effects of future climate change requires 
studies that include climate factors such as temperature and precip-
itation separately and in combination (Dormann & Woodin, 2002). 
Furthermore, seasonal variation in climate and moss moisture status 
throughout the season may affect the susceptibility to changes in 
temperature and precipitation over time. How realistic precipitation 
scenarios modify warming impacts on moss-associated N2 fixation 
input is not known.

Mosses are poikilohydric plants, which means that they cannot 
actively regulate their tissue water content. However, moss species 
vary in their sensitivity to drought and in the functional traits that 
determine their tissue moisture content. As a consequence, they 
also differ in their preferred habitat (Elumeeva et  al.,  2011; Lett 
et al., 2022). As moisture is a prerequisite for N2 fixation, warming 

may promote N2 fixation more in species that can maintain a higher 
moisture content than in species that easily dry out (Stewart 
et al., 2011; Stuart, Holland-Moritz, et al., 2020). Conversely, how-
ever, such moss species that have a higher water holding capacity 
may be less affected by changes in precipitation than species that 
dry out faster. Although it is well recognised that moss moisture is 
essential for N2 fixation, we do not know how the interacting effect 
of warming and precipitation regime affects N2 fixation rates across 
moss species in their natural habitats across the tundra landscape.

Contribution of moss-associated N2 fixation to the ecosystem N 
input depends on species-specific fixation rates, moss species dom-
inance in the ecosystem and likely the seasonal variation in climate 
(Lett & Michelsen, 2014; Rousk et al., 2015; Stuart, Holland-Moritz, 
et al., 2020). While species-specific in situ N2 fixation rates are rel-
atively easy to obtain, moisture and temperature conditions in the 
moss layer may change across the growing season and point mea-
surements of N2 fixation might not fully describe N2 fixation cumula-
tive rates. Further, species-specific cover estimates at a scale larger 
than the plot or site scale are few and difficult to obtain as mosses 
are difficult to identify to species and notoriously overlooked (but 
see Rzepczynska et al., 2022). Modelled rates combined with high 
temporal resolution field microclimate data can resolve this issue and 
provide estimates of seasonal N input. Combined with species distri-
bution data, seasonal N2 fixation estimates would yield meaningful 
estimates of N2 fixation across time and space in heterogeneous tun-
dra ecosystems. Species-specific N2 fixation rates and temperature 
sensitivity could in principle be incorporated into functional models 
such as dynamic vegetation models where mosses currently due to 
lack of data are rarely included even as a separate functional group 
(Lett et al., 2022; Porada et al., 2023; St. Martin & Mallik, 2017).

The aim of this study was to investigate the combined, and 
likely interacting, effects of warming, variation in precipitation, 
and differences in moss species identity and characteristics on 
N2-fixation associated to moss colonies in tundra. We hypoth-
esised that because N2 fixation rates are highly moisture and 
temperature-dependent (1) higher mean annual precipitation will 
amplify experimental warming-induced increases in N2 fixation 
rates. We further hypothesised that (2) the positive effect of high 
mean annual precipitation on the effect of experimental warming 
will be more pronounced in species known to have lower moss 
moisture holding capacity and under dry conditions, that is during 
warm, peak growing season periods. To test our hypotheses, we 
measured in  situ N2 fixation at the colony scale throughout the 
growing season in three common, dominant arctic—boreal moss 
species, that is H. splendens, P. schreberi and Sphagnum spp. At the 
each of eight sites distributed along a gradient of mean annual 
precipitation in subarctic Sweden, alpine tundra patches domi-
nated by one of each of the moss species were subjected to eight 
summers of experimental warming before our measurement, using 
open-top chambers (Lett et al., 2020). We also measured moss mi-
croclimatic conditions in the experiment input to model species- 
and climate-specific N2 fixation. We modelled colony scale N2 
fixation input and combined these with literature cover estimates 
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for the species to evaluate the potential impacts of our results at 
the landscape scale. Investigating the interacting effects of mois-
ture and temperature in important arctic-boreal moss species will 
improve understanding of moss functioning and predictions of 
input of N into heterogeneous tundra landscape under realistic 
future climate scenarios.

2  |  MATERIAL S AND METHODS

2.1  |  Site description and experimental design

The study took place above the natural subarctic-alpine treeline 
(570–755 m asl.) in Northern Sweden (N68°18′–68°31′, E18°12′–
18°54′). The study included eight sites distributed along a 35 km-long 
precipitation gradient in the Torneträsk catchment area (Figure S1). 
Mean annual precipitation varied from 571 mm year−1 at the driest 
site close to Paddus sites to 1155 mm year−1 at the wettest site west-
wards towards the Norwegian boarder (gridded data 4 × 4 km pixels, 
Swedish Meteorological and Hydrological Institute, SMHI, 1961–
1990, Table  1). Rainfall during the measurement period in 2018 
(June–September) was 287 mm at Abisko meteorological station (dry 
end of gradient) and 857.5 mm at Katterjåkk meteorological station 
(wet end of gradient, SMHI, Figure S2). Mean annual precipitation 
correlated with number of days with rain events measured at each 

site in 2014 (p = .038, R2 = .53, Figure S3). Approximately 50% of the 
annual precipitation falls as snow (SMHI) and annual N deposition is 
<1 kg ha−1 year−1 for this area (Ferm et al., 2019). Local site vegeta-
tion varied but was typical treeless tundra-heath, with the presence 
of dwarf shrubs such as Empetrum hermaphroditum Hagerup, Betula 
nana L. and Salix spp. and a high dominance of bryophytes (Table 1; 
Lett et al., 2020).

At each site in 2011, six plots were established in patches domi-
nated by one of three dominant moss species, Hylocomium splendens 
(Hedw.) Schimp., Pleurozium schreberi (Brid.) Mitt. and Sphagnum 
spp. (including S. capillifolium (Ehrh.) Hedw. and S. fuscum (Schimp.)). 
For each moss species, one plot was left as control, and one was 
subjected to experimental warming each year from late June until 
late September (8 years before the start of this study). Plots were 
passively warmed through hexagonal Perspex open-top cham-
bers, OTCs (MacroLife, Arla plast, Sweden), which is a standardised 
method to simulate climate warming across tundra ecosystems 
(Hollister et  al.,  2022; Marion et  al.,  1997). The chambers were 
40 cm tall and covered a hexagonal area of 2.35 m2 (diameter of 
165 cm × 180 cm, and 0.95 m2 exposed area in the centre). Control 
plots had the same shape and dimensions as the warmed plots. One 
half of each hexagonal plot had all moss biomass removed manu-
ally at the initiation of the experiment, while the other half of each 
plot was left untouched. For our current study, we ignored the plot 
halves without mosses and only included plot halves with an intact 

TA B L E  1 Site conditions at the eight sites in the mean annual precipitation gradient (modified from Lett et al., 2020).

Site name
Precipitiationa 
(mm year−1)

Elevation 
(m a.s.l.) Aspect

Vascular plant 
coverb (%) Dominant vascular plantsb

Jieprenjåkk 2 571 750 S 182 Salix sp., Empetrum hermaphroditum, Betula 
nana, V. myrtillus, Eleocharis uniglumis, Equisitum 
palustre

Paddus 1 653 775 N 176 E. hermaphroditum, Andromeda polifolia, 
Vaccinium uliginosum, Pedicularis flammea, 
Calamagrostis stricta, Festuca ovina

Paddus 2 653 705 N 194 E. hermaphroditum, Vaccinium vitis-idaea, B. 
nana, Salix sp., Equisitum arvense, Pedicularis 
lapponica, Lycopodium annotinum, Carex stricta

Jieprenjåkk 1 755 740 S 187 Salix sp., Empetrum hermaphroditum, Vaccinium 
myrtillus, Carex sp., Festuca ovina, Equisitum 
pratense

Pålnoviken 2 811 660 S 171 E. hermaphroditum, B. nana, V. myrtillus, Rubus 
chamaemorus, Cornus suecica, Equisitum 
sylvaticum, F. ovina

Pålnoviken 1 1090 750 E 191 Salix lanata, V. uliginosum, E. hermaphroditum, 
Bartsia alpina, P. lapponica, Festuca vivipara, 
Carex sp.

Katterjåkk 1155 550 NW 184 E. hermaphroditum, V. myrtillus, B. nana, Cornus 
suecica, Rubus chamaemorus, P. lapponica, Carex 
nigra

Vassijaure 1155 570 N 171 E. hermaphroditum, V. uliginosum, V. myrtillus, 
A. polifolia, R. chamaemorus, C. suecica, 
Deschampsia flexuosa, Carex sp.

aMean annual precipitation (1961–1991), gridded data Swedish Meteorological and Hydrological Institute 4 × 4 km pixels.
bPoint intercept measurement from July 2014.
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moss carpet. The used plot halves with mosses are onwards referred 
to as ‘plots’. In this way, each site represented a level of mean annual 
precipitation in the gradient and included a full set of combination of 
moss species and warming treatment. This setup resulted in a total 
of 48 plots for this study. For more detailed descriptions of the sites, 
see Lett et al. (2020).

2.2  |  Estimation of N2 fixation in situ

On the first sampling date in June 2018, a moss core of 5 cm diam-
eter was taken to a depth of 6 cm in each plot. For Sphagnum spp., 
the core usually only consisted of living moss, whereas for H. splen-
dens and P. schreberi, the bottom 1–2 cm was organic soil. In warmed 
plots, moss cores were taken within the centre of the plot, to make 
sure they were not rain sheltered by the sides of the OTCs. Each 
core was placed in an open nylon mesh bag (50 μm mesh size; Sintab, 
Sweden) and placed in the hole of its original position in the moss 
layer between measurements (following Sorensen et al., 2012). The 
mesh ‘bags’ thus enabled repeated handling of the small moss cores 
for N2 fixation measurements, while allowing for natural contact and 
moisture exchange with the surrounding moss carpet as well as ex-
posure to natural light and temperature in between measurements.

To determine N2 fixation, we used the acetylene reduction assay 
(Stewart et al., 1967). This method estimates the activity of the en-
zyme nitrogenase, which is responsible for the process of N2 fixa-
tion. Like atmospheric nitrogen (N2), acetylene (C2H2) has a triple 
bond. Nitrogenase can therefore also reduce acetylene to ethylene 
(C2H4), and even small changes in concentration of both gasses can 
be analysed via simple gas chromatography. In addition to being rel-
atively inexpensive, this non-destructive method is preferred for re-
peated measurements over time on the same moss colony as in this 
study (Lett & Michelsen, 2014; Saiz et al., 2019). Substrate-specific 
conversion factors between ethylene production and N2 fixation al-
lows for calculating N2 fixation in the samples (see below).

At all sites, in situ acetylene reduction assays (ARA) were per-
formed five times during the growing season 2018 (14 June–21 
September), except at two of the low precipitation sites, which could 
not be visited during the first sampling campaign in June due to ex-
ceptionally bad weather. As the eight sites are distributed over a large 
area, they were usually visited sequentially in a random order within 
4–6 days, although one July campaign was spread over 10 days. At 
each sampling time, the mesh bags containing moss cores were incu-
bated individually with approx. Ten per cent acetylene in transparent 
PVC jars (0.5 L) placed for 2 h inside the plot they belonged to during 
incubation. Acetylene was developed inside the jar from calcium 
carbide by adding water with a syringe through a rubber septum in 
the lid. Through the rubber septum, we also took gas samples with 
a syringe at three time points in duplicates, which we transferred 
to evacuated 5.9 mL vials (Exetainers® Labco, Ceredigion, UK). Vials 
were stored for a maximum of 2 months until analysis for acetylene 
and ethylene production on a gas chromatograph (SRI 310C, FID, SIR 
Instruments, California).

Temperature in the moss core was measured before and after 
each incubation with a handheld thermometer and averaged to es-
timate mean incubation temperature at 3 cm depth. Before each in-
cubation, mosses were weighed on a field scale to later determine 
gravimetric moisture content.

2.3  |  Climate chamber incubations for converting 
from ethylene production to N2 fixation

Nitrogenase can reduce acetylene instead of N2, at a theoretical 
conversion factor of 4.0 mol C2H2 per mol N2 reduced at acetylene-
saturated conditions (Mulholland et al., 2004). However, this conver-
sion factor can depend on the microbial community present within 
the moss shoots (Leppänen et al., 2013; Moisander et al., 1996). To 
determine the conversion factor between ARA and actual N2 fixa-
tion for our three moss species, all 48 moss cores were brought to 
Copenhagen after the last field sampling. Moss cores were trans-
ported in individual specimen cups that kept field moisture conditions 
and were acclimatised under controlled conditions in climate-
regulated growth chambers for 3 days at 7°C and ~ 300 μmol m−2 s−1 
photosynthetic active radiation, a daylength of 18 and 6 h darkness. 
After acclimatisation, mosses were incubated to determine N2 fixa-
tion, first with ARA and then by labelling with 15N2. Before 15N2 
incubations, a smaller subsample representing the whole depth of 
the moss core was taken from each moss core to determine their 
natural abundance of 15N. For ARA and 15N2 incubations, mosses 
placed in transparent polypropylene specimen cups (162 mL) were 
incubated at the same conditions as during acclimatisation. With a 
syringe, 10 mL of air was replaced with either acetylene (Air Liquide) 
or N2 (>99.9% N2, of which 99.2% was

15N2; Eurisotop, Saint Aubin, 
France). For ARA and the 15N2 labelling, incubation times were 3 and 
23 h, respectively, with lights off for 45 min and 6 h (25% of the time), 
respectively. The longer incubation time for 15N2 labelling was cho-
sen to ensure sufficient 15N2 labelling.

2.4  |  Chemical analyses of moss tissue

After climate chamber incubations, natural abundance and 15N sub-
cores were divided into three horizontal layers for chemical analyses 
and biomass determination. For feather mosses (H. splendens and P. 
schreberi), these layers were the green top 2 cm (moss shoot), the 
brown layer and the soil. For Sphagnum, this was the 0–1 cm (capit-
ula), the 1–2 cm and the 2–6 cm layers (unless there was a distinct 
soil layer in which case an extra layer was included). The reason for 
the extra top layer in Sphagnum was that the capitula of Sphagnum 
mosses create a dense surface, through which light will not pen-
etrate. N2 fixation and the factors affecting it are therefore likely 
primarily present in the moss shoot or capitula. Finally, all fractions 
of moss cores were freeze-dried, weighed and homogenised.

To determine core 15N enrichment and shoot δ13C, subsamples of 
homogenised moss and soil material were weighed into tin capsules 
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and analysed with an Eurovector elemental analyser (Eurovector, 
Redevalle, Italy) coupled to an Isoprime isotope ratio mass spec-
trometer (Elementar, Cheadle Hulme, UK). Total core 15N uptake 
was then calculated as weighted means across all fractions of each 
core, except the soil fraction. While the soil fraction had very low 
incorporation of 15N, this fraction was also the heaviest (Table S1). 
This caused core 15N uptake to be very variable. Shoot δ13C was 
measured to provide a time-integrated measure of moss production 
in relation to site water availability. Moss δ13C gives an indication of 
past moisture conditions as wetter relative to drier shoots will be 
more strongly CO2 limited due to slower diffusion of CO2 in water 
than in air. In moist mosses, Rubisco will therefore discriminate less 
against the rarer 13C isotope and have higher δ13C values (Deane-
Coe et al., 2015).

2.5  |  Plot-scale environmental measurements

Temperature and volumetric water content (VWC) were measured 
in all plots at 5 cm depth from the moss surface using 5TM sen-
sors and logged every hour throughout the full period of measure-
ments with EM50 data loggers (Decagon Devices Inc., WA, USA). 
Volumetric moisture content measurements are useful for continu-
ous moisture measurements but are sensitive to type of substrate. 
Comparison of VWC between soils or other substrates such as dif-
ferent moss species may therefore be biased (Cobos, 2010). Logged 
volumetric moisture measurements were therefore calibrated for 
each moss species. Three separate moss cores belonging to each of 
the three species (for Sphagnum spp., we used S. fuscum) were fully 
water-saturated and weighed repeatedly while drying. With a 5TM 
sensor, we simultaneously measured VWC for each moss species. 
Species-specific relationships between the two variables were used 
to calculate volumetric moisture content from logged field volumet-
ric moisture content.

2.6  |  Data analysis and statistics

All data processing, analyses and visualisations were performed in R 
version 4.2.0 (R Core Team, 2022). For each core at each measure-
ment time, ethylene production rate (μmol m−2 h−1) was calculated 
by fitting linear curves through three time points using the R pack-
age HMR (Pedersen, 2020). Field N2 fixation rates were calculated 
from the linear relationship between ethylene production and 15N 
incorporation of the moss cores during climate chamber incubation. 
A linear model linking ethylene production, 15N uptake and moss 
species showed that moss species did not influence this relationship 
significantly and was left out of the model.

Effects of warming treatment, precipitation regime, moss spe-
cies and measurement date on ethylene production, calculated 
N2 fixation rates and incubation temperature and core moisture, 
and daily means of logged subsurface temperature and moisture 
were analysed with mixed effects models using the nlme package 

(Pinheiro et  al.,  2018). Fixed factors in the model were ‘mean an-
nual precipitation’ and ‘date’, as continuous variables, and ‘warming’ 
and ‘moss species’ as categorical variables, and all their interactions. 
Date was included as an orthogonal quadratic polynomial term. ‘Plot’ 
was set as a random factor to take the repeated measurements on 
moss cores through time into account. ‘Plot’ was further nested in 
‘site’ to take the nested design of the experiment into account. Moss 
chemical data were analysed with similar models but without plot 
as random effect. To specifically test the effect of moisture and 
temperature for each species, N2 fixation rates were also analysed 
with mixed effects models with ‘incubation temperature’, ‘moss core 
moisture content’ and ‘moss species’ and the interaction term ‘in-
cubation temperature’ × ‘moss core moisture content’ as predictors. 
To aid understanding of the many levels of interactions in the ex-
perimental design, effects on N2 fixation of significant factors and 
interactions were visualised by graphing model predictions and 95% 
CI without data points using the ggeffects package (Lüdecke, 2018). 
Prior to all mixed effect model analyses, data were checked for nor-
mality and homoscedasticity and data were natural log (ethylene 
production, N2 fixation, incubation core moisture and moss density) 
or square root (incubation core temperature and logged moss tem-
perature and moisture) transformed if necessary.

2.7  |  Species-specific seasonal N input through N2 
fixation at the landscape scale

To quantify the input of N of the three moss species to the eco-
system at the colony scale over the course a growing season, we 
estimated overall growing season (mid-June to mid-September) N2 
fixation using separate hierarchical generalised additive models 
(HGAMs) for each moss species and plot-scale logged temperature 
and moisture data. Each HGAM included incubation temperature, 
soil moisture and day of year as smoothing variables with thin plate 
regression splines (TPRS), and each model was fitted using the mgcv 
package. Uncertainties around the conversion factors were not con-
sidered in the HGAMs. To get as many observation points as possi-
ble and obtain reasonable model fits, we pooled data for each moss 
species across sites and warming treatments. We included day of 
year in the models to account for seasonal effects that were other-
wise not directly accounted for by microclimate, such as changes in 
surrounding plant community phenology. For integrating to the full 
growing season period (mid-June to mid-September), we used daily 
means of continuous plot-scale soil temperature and moisture data 
(converted from volumetric to gravimetric, see above) for each moss 
species in experimentally warmed and control plots separately and 
for sites of low (571–775 mm year−1) and high (881–1155 mm year−1) 
mean annual precipitation.

N2 fixation was measured on mono-specific moss cores. Therefore, 
input of N of the three moss species to the ecosystem reflects the 
species response to the climate treatments at the plot scale, assum-
ing 100% moss cover. To estimate species' individual contribution in a 
heterogeneous tundra landscape, estimated species-specific seasonal 
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6 of 16  |     LETT et al.

N input was combined with species-specific moss cover. Estimated 
moss species-specific seasonal N input was modelled using plot-scale 
N2 fixation rate measurements, logger moisture and temperature data, 
and day of year. We used moss cover estimates from Rzepczynska 
et al. (2022). These were 14% for P. schreberi, 4% for H. splendens and 
<0.5% Sphagnum and represented a 3 km2 heath landscape at the wet 
end of our gradient (300 2 × 2 m2 transect plots).

3  |  RESULTS

3.1  |  Growing season soil climate

Experimental warming increased temperature more strongly in the 
early growing season, here by ~2.5°C while the effect of OTCs had 
mostly disappeared by early September (Table  2, Figure  1a). The 
specific warming intensity varied between sites and moss species in 
non-straightforward ways. The warming intensity decreased slightly 
(<0.05°C) with increasing mean annual precipitation. Date was the 
strongest predictor of temperature at −5 cm depth (Table 2; Figure 1a). 
Soil moisture at −5 cm was very variable between sites, but Sphagnum 
spp. was the wettest of the three species throughout the whole period. 
Experimental warming decreased soil moisture at −5 cm but predomi-
nantly in Sphagnum spp. and here more pronounced at high mean an-
nual precipitation and early in the season (Table 2; Figure 1b).

3.2  |  Microclimate in mosses during incubations

Temperature measured in the moss cores during incubations was 
the same across moss species and not affected by OTCs (Table S2). 
Incubation temperature peaked at the end of July at 25.0 ± 1.0°C 
during an unusually warm period and was lowest, 12.8 ± 0.3 and 
11.3 ± 0.6°C, in the beginning and the end of the growing season 
(Figure S4a; Table S2). Incubation temperature also depended some-
what on mean annual precipitation regime although this effect dif-
fered between the measurement rounds, and the pattern was not 
consistent (Figure S4a; Table S2).

Gravimetric water content in the moss cores was three times 
higher in Sphagnum than the two feather mosses and varied during 
the season (Figure S4b; Table S2). For all species, water content was 
lower during July and August than in spring and autumn, but water 
content in the pleurocarpous mosses decreased earlier and more 
pronounced than in Sphagnum spp. (Figure S4b; Table S2, period × 
moss species interaction). At the beginning of the growing season, 
moss cores at the low end of the mean annual precipitation gradi-
ent had on average higher moisture content than those at sites with 
higher mean annual precipitation (Figure S4b; Table S2, interaction 
mean annual precipitation × period) even though the actual pre-
cipitation in the month of June was three times higher at the high 
than at the low end of the gradient (Figure S2). In the second half 
of the growing season, gravimetric water content of the moss cores 
increased along the precipitation gradient. Across all measurement 
times, water content was negatively correlated with incubation tem-
perature (Figure 2, p < .001, R2 = .77).

3.3  |  Conversion of ethylene production to 
15N2 uptake

Ethylene production of the harvested cores incubating at 7°C in cli-
mate chambers was within the range of measured field ARA activ-
ity at the beginning and the end of the growing season (Figure S5). 
Nitrogen fixation, measured as 15N2, and ethylene production were 
significantly correlated (R2 = .75, p < .001, Figure S6). The regression 
slope, that is the average conversion factor of μmol ethylene pro-
duced per μmol N taken up for each core, was 1.6 ± 0.13 and did not 
differ between the moss species (Figure S6).

3.4  |  Microclimate effects on N2 fixation

Moss core moisture content and incubation temperature both pre-
dicted N2 fixation rates and interacted so that the effect of core 
moisture content depended on the effect of incubation temperature 
and the effect of incubation temperature depended on soil moisture 
content (Figure 2; Table 3). Nitrogen fixation rates peaked at approx. 
20°C for all species while the moisture content associated with the 
highest N2 fixation rates was around 5 and 10 g water g

−1 moss bio-
mass for feather mosses and Sphagnum, respectively (Figure 2).

TA B L E  2 Results of mixed effect models for daily averages 
of temperature and moisture (gravimetric) 5 cm below the moss 
surface and logged hourly.

Temperature Moisture

df χ2 p χ2 p

Precipitation (P) 1 15.1 <.001 37.3 <.001

Warming (W) 1 17.8 <.001 44.8 <.001

Moss species (MS) 2 3.3 .19 29443.0 <.001

Datea (D) 2 3563.6 <.001 23.8 <.001

P × W 1 1.2 .28 66.2 <.001

P × MS 2 74.9 <.001 147.3 <.001

W × MS 2 1.7 .43 656.2 <.001

P × D 2 49.6 <.001 12.4 .002

W × D 2 19.7 <.001 9.1 .011

MS × D 4 26.3 <.001 53.6 <.001

P × W × MS 2 11.4 .003 310.0 <.001

P × W × D 2 0.3 .87 0.2 .91

P × MS × D 4 7.5 .11 3.9 .42

W × MS × D 4 12.1 .017 76.5 <.001

P × W × MS × D 4 4.7 .32 11.5 .022

Note: Degrees of freedom (df), chi-squared (χ2) and p-values are given. 
Bold values are significant at p < .05. Temperature and moisture data 
were square root transformed prior to analyses.
aDate is included as an orthogonal, quadratic polynomial.
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    |  7 of 16LETT et al.

3.5  |  Climate treatment effects on N2 fixation

The effect of experimental warming on N2-fixation depended on 
mean annual precipitation in a different way for the three moss spe-
cies (mean annual precipitation × warming × moss species interac-
tion, Table 4; Table S3). For H. splendens and P. schreberi, no effect 
of warming at low mean annual precipitation turned into a negative 
effect at high mean annual precipitation, while for Sphagnum spp., 
high mean annual precipitation regime reversed a slightly nega-
tive warming effect to a slightly positive one (Figure 3a; Figure S7). 
Irrespective of warming treatments, site mean annual precipitation 
was important for N2 fixation rates, but this effect depended strongly 
on measurement period (mean annual precipitation × period interac-
tion, Table 4), because site mean annual precipitation only increased 
N2 fixation rates in early August (Figure 3b). Interestingly, this was 
not during the warmest measurement conditions in July (Figure S4a). 

Site mean annual precipitation also increased N2 fixation more in H. 
splendens than in Sphagnum spp. and P. schreberi (Figure 3a; Table 4, 
mean annual precipitation × moss species interaction).

3.6  |  N2 fixation—Moss species-specific seasonal 
patterns

Moss species differed in their N2 fixation rates and Sphagnum spp. 
generally had the highest fixation rates (Figure 3a and c, Table 4). 
Measurement period was a strong overall predictor for N2 fixation 
rates, which were generally highest in July and August (Figure 3b). 
This pattern was largely driven by Sphagnum spp., which peaked in 
N2 fixation in early August, whereas feathermoss N2 fixation rates 
varied less across the season (Table 4, significant moss species × pe-
riod interaction).

F I G U R E  1 Logged daily mean temperature (a) and gravimetric moisture content (b) in 5 cm below the moss surface of three moss species 
Hylocomium splendens (red), Pleurozium schreberi (green) and Sphagnum sp. (blue) at eight sites along a mean annual precipitation gradient 
(not shown) subjected to experimental warming using open-top chambers (dashed, darker shades and filled squares) or left unmanipulated 
(dotted, lighter shades and open diamonds). Lines represent loess smooth relations (in R) and shadows show 0.95 confidence intervals. Some 
sites and moss species combinations have missing data due to malfunctioning sensors (9 out 48 sensors are missing, two to four per species). 
See Table 2 for statistics.
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8 of 16  |     LETT et al.

3.7  |  Moss density and shoot δ13C

Top layer (green part of the moss shoots) δ13C, which reflect past 
moisture conditions in the moss tissue during moss carbon acquisi-
tion (Deane-Coe et  al., 2015; Rzepczynska et  al.,  2022), was gen-
erally decreased by warming (Figure 4b; Table S4). Sphagnum spp. 
had the highest δ13C values, with most values above −30‰, whereas 
almost all values for feather mosses were below −30‰ (Figure 4a; 
Table S4). The density of the top layer of the moss core was highest 
in Sphagnum spp. and warming decreased density in all moss spe-
cies (Figure 4b; Table S4). In the top layer, density was explained by 
δ13C (Figure 4c). Top layer δ13C predicted average N2 fixation across 

F I G U R E  2 Relationship between N2 fixation, incubation core moisture content and incubation temperature in three moss species 
Pleurozium schreberi, Hylocomium splendens and Sphagnum spp. measured five times in the same moss colonies in the period from 14 June to 
21 September along a mean annual precipitation gradient. Each point represents a measurement. For statistics, see Table 3.
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TA B L E  3 Results of linear mixed effects model for N2 fixation 
rates (μmol m−2 h−1) predicted by measured incubation temperature 
and moss cores moisture content and moss species.

df χ2 p

Incubation temperature (T) 1 27.9 <.001

Moisture content (Moist) 1 25.7 <.001

Moss species (MS) 2 1.7 .42

T × Moist 1 30.8 <.001

Note: Degrees of freedom (df), chi-squared (χ2) and p-values are 
given. Bold values are significant at p < .05. N2 fixation data were log-
transformed prior to analysis.

TA B L E  4 Results of linear mixed effects model (type II sums of 
squares) for N2 fixation (μmol m

−2 h−1).

df χ2 p

Precipitation (P) 1 1.7 .19

Warming (W) 1 0.7 .41

Moss species (MS) 2 38.6 <.001

Datea (D) 2 20.5 <.001

P × W 1 0.4 .51

P × MS 2 6.3 .043

W × MS 2 0.4 .84

P × D 2 9.5 .009

W × D 2 0.4 .82

MS × D 4 34.5 <.001

P × W × MS 2 6.3 .044

P × W × D 2 0.1 .95

P × MS × D 4 1.3 .86

W × MS × D 4 2.2 .70

P × W × MS × D 4 1.3 .85

Note: Degrees of freedom (df), chi-squared (χ2) and p-values are given. 
Bold values are significant at p < .05. Data were natural log-transformed 
prior to analysis. The model intercept was 0.18 and variance of the 
nested random effects were as follows: Site: 0.20 and Site/plot: 0.071.
a Date is included as an orthogonal, quadratic polynomial.
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    |  9 of 16LETT et al.

all five field measurements and this relationship did not depend on 
moss species (Figure S8).

3.8  |  N input into tundra ecosystems

The moss-specific generalised additive models varied in their overall 
goodness of fit. The Sphagnum GAM had the best fit with 44.9% 
deviance explained, while H. splendens and P. schreberi models had 
22.2% and 14.3% deviance explained, respectively. In contrast to 
soil temperature and day of year, soil moisture remained the only 

smoothing variable with a significant effect on N2 fixation in all three 
GAMs (p < .05; Table S5). At the moss colony scale and integrated 
across the season, Sphagnum spp. fixed around 50% more than the 
feather mosses. OTC decreased the total input of N through fixa-
tion especially in the early season and especially at high precipita-
tion sites where plots were dryer in the warm plots (Figure S9a). P. 
schreberi was associated with the lowest N input at the colony scale. 
At high compared with sites with low mean annual precipitation, P. 
schreberi was associated with less than half the associated N input 
(Figure S9a). At the landscape level (based on cover estimates from 
Rzepczynska et  al.  (2022)) and our modelled seasonal N input via 

F I G U R E  3 Nitrogen fixation rates in mono-specific colonies of three moss species Pleurozium schreberi, Hylocomium splendens and 
Sphagnum spp. during five measurement periods in the summer of 2018 at eight sites situated along a mean annual precipitation (MAP) 
gradient in plots that were artificially warmed using open-top chambers (dashed, darker shade) or left unmanipulated (dotted, lighter shade). 
On 14–20 June, one of the eight sites was not measured due to bad weather. (a) observed N2 fixation activity and datapoints within a box 
represent individual precipitation sites; (b, c) model predictions and 95% CI, highlighting significant interactions (Table 4). Note differences 
between panels in y-axis scale. N2 fixation was estimated from in situ acetylene reduction assays and measured species-specific conversion 
factors between ethylene production and 15N incorporation.
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10 of 16  |     LETT et al.

N2 fixation at the wet and of our mean annual precipitation gradi-
ent, the pleurocarpous mosses were each responsible for around 
twice the input of Sphagnum spp. (Figure S9b). The total ecosystem 
contribution of N by the three species at the landscape scale was 
0.16 ± 0.28 kg N ha−1 (±95% CI of model fit to observations).

4  |  DISCUSSION

Our results show that warming affects moss-associated N2 fixation 
rates differently depending on moss species and mean annual pre-
cipitation level. Surprisingly, the warming treatment decreased N2 
fixation at higher mean annual precipitation in dry feather mosses, 
whereas in Sphagnum spp. the warming treatment and higher mean 
annual precipitation had a small but expected synergistic effect. 
Higher mean annual precipitation increased N2 fixation rates in the 
middle of the growing season when temperatures were highest, and 
risk of drying was similarly high. Sphagnum spp., which has a higher 

water holding capacity and thus generally a constant high moisture 
content compared with feather mosses, had the highest overall N2 
fixation activity throughout the growing season. Below, we discuss 
these findings in relation to our hypotheses and discuss the conse-
quences for moss performance and ecosystem N dynamics.

4.1  |  Experimental warming effects on N2 fixation 
depend on mean annual precipitation and moss 
species

The experimental warming treatment generally did not promote N2 
fixation across sites with high mean annual precipitation, counter 
to our hypothesis. Only in Sphagnum spp. did higher mean annual 
precipitation have the hypothesised effect of inducing an, albeit 
modest, positive effect of warming. In the feather mosses, increas-
ing mean annual precipitation caused experimental warming to de-
crease N2 fixation rates, which conflicts with our first hypothesis. 

F I G U R E  4 Moss shoot (a) δ13C and (b) top layer density and (c) their linear relationship (r2 = .51, p < .001), in three moss species Pleurozium 
schreberi (green), Hylocomium splendens (red) and Sphagnum spp. (blue) measured across eight sites situated along a natural precipitation 
gradient in plots that were artificially warmed using open-top chambers (darker shade) or left unmanipulated (lighter shade). The top layer 
includes the upper 1 and 2 cm for Sphagnum and feather mosses, respectively. Plots include all data points, but plots a and b highlight 
significant effects, warming and moss species p < .001. See full statistics for plot a and b in Table S3.

(a) (b)

(c)
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    |  11 of 16LETT et al.

That moss species affected this precipitation-induced warming ef-
fect was in line with our second hypothesis. However, we expected 
feather mosses, rather than Sphagnum spp. to be stimulated by the 
warming treatment at higher mean annual precipitation.

Lacking or negative experimental warming effects on moss-
associated N2 fixation is not uncommon and may be caused by a 
drying effect (Lagerström et al., 2007; Permin et al., 2022; Sorensen 
et  al.,  2012). Higher incubation temperature was indeed associ-
ated with lower moisture content across the whole core. Also, moss 
shoots in cores from OTC plots had lower shoot δ13C values, which 
indicate low moisture availability integrated across time (Deane-Coe 
et al., 2015; Rzepczynska et al., 2022). Indeed, higher δ13C values were 
associated with higher N2 fixation in a similar way across moss species. 
However, higher mean precipitation did not prevent negative effects 
associated with drying by warming. This could partly be because in 
July, which had the highest temperatures, rainfall was not higher at the 
high than at the low end of the gradient. In addition, the 15N labelling 
at the end of the study showed that the majority of N2 fixation took 
place in the moss shoots. Warming decreased the density of the moss 
shoots, which is also observed in other studies and is a consequence of 
faster growth (Dorrepaal et al., 2004; van Zuijlen et al., 2022). A lower 
shoot density likely resulted in reduced shoot water holding capacity in 
the warmed mosses (Elumeeva et al., 2011; Grau-Andrés et al., 2022; 
van Zuijlen et al., 2022). In feather mosses, a further decrease in their 
already low shoot moisture holding capacity may have prevented N2-
fixing bacteria from benefiting from more precipitation or may have 
changed the bacterial community (Renaudin et al., 2022). Indeed, δ13C 
supported that feather moss shoots were markedly more water limited 
than Sphagnum spp. shoots. So, although warming reduced density in 
shoots across all moss species, only in feather mosses did this lead to a 
negative warming effect on N2 fixation.

It is worth noting that the incubation temperature was not in-
creased by the OTCs. This is not surprising as mosses were moved 
from the plots into incubation jars. However, it tells us that the ef-
fects we observed of OTC on N2 fixation were likely due to effects 
on bacterial community or activity, rather than direct temperature 
effects on enzymatic activity. Mosses show great host specificity to 
diazotroph community composition (Ininbergs Karolina et al., 2011). 
The specificity may be due to the variation in moss traits relating 
to water economy which control cyanobacterial colonisation and N2 
fixation rates in non-Sphagnum mosses (Liu & Rousk, 2022). Our re-
sults suggest that these traits can be modified by the environment 
with consequences for N2 fixation rates. Unlike other moss genera, 
Sphagnum has N2 fixers living inside specialised water holding cells 
(hyaline cells), which might explain why a decrease in water holding 
capacity in Sphagnum spp. did not affect N2 fixation rates (Granhall 
& Hofsten, 1976). It is possible that warming-induced shoot density 
changes caused N2 fixation in feather mosses to not benefit from 
higher mean annual precipitation in warmed plots, while this was 
not the case for Sphagnum Spp. Ultimately, negative drying effects 
on N2 fixation by warming of a few degrees, as seen in this and other 
experiments, may not be alleviated in all moss species by increase in 
mean annual precipitation.

4.2  |  Large seasonal differences in N2 fixation 
across moss species

Higher mean annual precipitation generally increased moss-
associated N2 fixation, and this effect was more pronounced during 
peak growing season when temperatures were higher than in the 
early and late seasons and therefore likely to induce drying. This 
agrees with our second hypothesis stating that the precipitation ef-
fect on N2 fixation would depend on period. Despite the important 
role of moisture for N2 fixation, responses of moss-associated N2 fix-
ation to natural variation in mean annual precipitation level have not 
been studied across moss species and climate treatments in the field 
in the Boreal–Arctic zone. Responses to higher precipitation can be 
confounded with responses to N deposition. Even low N amend-
ments of 0.8–4.4 kg ha−1 year−1 can depress N2 fixation (Salemaa 
et  al., 2019). However, our results are unlikely to be impacted by 
N addition as in this area N deposition is very low, <2 kg h−1 year−1 
and does not differ between the high and the low end of the mean 
annual precipitation gradient. Also, our results are in line with re-
sults from short-term water addition studies showing clear posi-
tive effects of amount and frequency of added water alone or in 
combination with experimentally increased temperatures (Gundale 
et  al.,  2012; Jackson et  al., 2011; Rousk et  al., 2018). We cannot 
separate the effect of precipitation amount and frequency of events 
in our results. Our results show that mean annual precipitation is an 
important factor for determining the input of N during the warmest 
period. Also, our finding highlights that the timing of precipitation 
changes likely would influence the impact on ecosystem processes, 
here N2 fixation. If summer precipitation continues to increase in this 
region and as predicted for the Arctic region in general (Figure S1, 
SMHI, (Bintanja & Andry, 2017)), this could promote N2 fixation rates 
considerably.

Moss species generally, greatly influenced N2 fixation rates. At 
peak fixation in early August, Sphagnum spp. had more than twice 
the N2 fixation of each of the two feather mosses. Furthermore, 
high mean annual precipitation promoted N2 fixation more in H. 
splendens than it did in P. schreberi and Sphagnum spp. This partly 
also agrees with our second hypothesis, stating that positive pre-
cipitation effects would be more pronounced in dry-adapted moss 
species. Hylocomium splendens and P. schreberi were generally drier 
than Sphagnum spp. throughout the measurement period. Moss 
core moisture content was positively correlated with N2 fixation. 
Sphagnum has the highest water holding capacity of the three spe-
cies (Elumeeva et  al.,  2011; Lett et  al.,  2022), and consequently, 
Sphagnum showed the largest response in N2 fixation rates to peak 
growing season temperatures. This pattern was also observed in a 
boreal peatland where Sphagnum-associated N2 fixation was higher 
in wetter parts of the mire and the wetter part also had more ex-
treme peak during the warm period of the growing season (Živković 
et al., 2022).

The highest rates of N2 fixation in all three species were around 
20°C but it seemed that high N2 fixation rates in Sphagnum spp. 
depended more on a higher moisture content than the two other 
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species, which likely reflects that Sphagnum spp. and its microbiome 
are adapted to wetter habitats. N2 fixation optima at around 20°C 
is similar to or slightly lower than the 22–25°C, which is considered 
optimum for N2 fixation at the bacterial cell level in terrestrial eco-
systems (Darnajoux et  al.,  2022; Houlton et  al.,  2008). However, 
the temperature optimum for N2 fixation could also depend on 
the form of nitrogenases (molybdenum vs. alternative nitrogenase) 
(Darnajoux et al., 2022). However, we measured N2 fixation in the 
field under natural conditions, that is not watered, and it is therefore 
more straightforward to interpret the optimum as a consequence of 
moisture and temperature playing together. These species-specific 
microclimate responses may indicate that N2 fixation in more dry-
adapted mosses will respond more positively to a higher mean 
annual precipitation, whereas N2 fixation in Sphagnum could be pro-
moted more by higher temperatures.

4.3  |  Moss species-specific N input across scales

Sphagnum spp. was associated with the highest rates of N2 fixa-
tion of the three moss species when considered at the moss 
colony scale. These differences in rates are equivalent to other 
studies finding higher N2 fixation in Sphagnum spp. compared 
with feather mosses (Jean et al., 2021; Rzepczynska et al., 2022) 
although N2 fixation rates of feather mosses may be as high as 
those of Sphagnum in other ecosystems (Stuart, Holland-Moritz, 
et al., 2020). Our measured average N2 fixation rate by Sphagnum 
spp. was 7.7 ± 1.3 μmol m−2 h−1, which is 50% of the average N2 
fixation rate at a climatically similar North American site for June–
August (Stewart et al., 2011). Acetylene reduction rates were com-
parable to Sphagnum and H. splendens rates measured at a lowland 
site at the dry end of our mean annual precipitation gradient (Rousk 
et al., 2015). When integrated across the season, the modelled sea-
sonal colony scale N input by pleurocarpous moss was less than 
half of that of Sphagnum.

When species N contribution to the ecosystem and the land-
scape scale was estimated for the wet end of our annual precip-
itation gradient by taking cover of the species into account, the 
pleurocarpous mosses were responsible for twice as high a sea-
sonal input of N through associated N2 fixation, compared with 
Sphagnum. Together, the estimated contribution of the three moss 
species was equivalent to 7% of the total ecosystem N input via N2 
fixation as estimated in a tundra site in the dry part of our gradient 
which had 50% moss cover (Rousk & Michelsen, 2017). Our esti-
mates are associated with uncertainty related to the conversion 
of acetylene reduction to N2 fixation. Our conversion rate of 1.6 
is low compared with other studies of moss-associated N2 fixation 
in sub-low arctic ecosystems and moss species ranging from 1.8–
4.2 (Leppänen et al., 2013; Rousk, Degboe, et al., 2017; Rousk & 
Michelsen, 2017; Sorensen et al., 2006), although lower rates are 
also found, for example 0.85 (Stewart et  al., 2011). Low conver-
sion rates could indicate the presence of the more cold-adapted 
vanadium and iron nitrogenase forms (Bellenger et al., 2020). Also, 

conversion rates may change across the season due to potential 
shift between nitrogenase forms (Soper et al., 2021), and our cali-
bration was done at the end of the experiment. However, the esti-
mated contribution of N input serves to exemplify the importance 
of moss cover when estimating ecosystem N input at the land-
scape scale. Importantly, the differences between moss species 
were primarily driven by the differences in cover of the three moss 
species, which vary tremendously from ecosystem to ecosystem. 
For example, Sphagnum may at a more local scale in Sphagnum 
mires contribute to ecosystem N input, which by far exceed that of 
surrounding tundra and which may have important impacts on the 
mire ecosystem (Živković et al., 2022). Also, the Sphagnum species 
included in this study are those associated with tundra and drier 
part of mires, while Sphagnum species in wetter habitats are asso-
ciated with higher N2 fixation rates.

Importantly, species-specific estimates of moss cover at 
the landscape scale are missing at large (but see Rzepczynska 
et al., 2022; Stewart et al., 2011; Stuart, Pederson, et al., 2020). 
Furthermore, changes in cover of mosses due to climate change 
may modify landscape N input through moss-associated N2 fixa-
tion. Bryophytes are generally observed to decline across tundra 
ecosystem in response to warming (Elmendorf, Henry, Hollister, 
Björk, Bjorkman, et al., 2012; Elmendorf, Henry, Hollister, Björk, 
Boulanger-Lapointe, et  al.,  2012), which would result in a lower 
overall N input via moss-associated N2 fixation. Change in precip-
itation patterns and amounts may impact bryophyte abundance. 
For instance, Sphagnum magellanicum growth (length increment) is 
positively linked to precipitation across 99 Holarctic peatland sites 
(Bengtsson et al., 2021) but Sphagnum may be negatively affected 
by drying. However, P. schreberi and H. splendens are pan-boreal 
species and thus associated also with warmer climates. Hence, 
these species may expand across tundra in a warmer climate 
(Elmendorf, Henry, Hollister, Björk, Bjorkman, et  al., 2012; Lang 
et al., 2012), which would increase their contribution to ecosystem 
N input. While the possibility for scaling species-specific N2 rates 
is still limited, we provide here an example of how species-specific 
climate responses of N2 fixation at the moss scale may not reflect 
the species contribution to the ecosystem N input.

The fate of fixed N is still not fully understood (Rousk, 2022). 
Mosses can take up fixed by their associated diazotrophs and use 
it for growth (Berg et  al.,  2013; Stuart, Pederson, et  al.,  2020), 
but N may also be lost N to the environment (Arróniz-Crespo 
et al., 2022; Eckstein, 2000). Our results suggest that mosses with 
higher moisture content or growing at higher mean annual precip-
itation have higher N2 fixation at the time of peak vascular plant 
growth and N demand (Michelsen et al., 1999). If mosses access 
the fixed N2, this will likely benefit mosses in their competition 
with vascular plants under future climate scenarios. Although 
the spatiotemporal scale is unknown, depending on moss spe-
cies, N might also leave the bryosphere through leaching, decay 
and herbivory and in this way fertilise the environment (DeLuca 
et al., 2022; Eckstein, 2000; Rousk et al., 2016; Rousk, Sorensen, 
& Michelsen, 2017).
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4.4  |  Conclusion

Both temperature and precipitation are observed and predicted 
to increase in the Arctic and here we show that they affect N2 
fixation associated with dominant tundra moss species differently. 
Our results suggest that feather mosses may not experience much 
higher N2 fixation in warmer conditions due to drying. Higher 
mean annual precipitation does not seem to compensate for this 
drying effect likely because of changed morphology in faster-
growing mosses and warm and wet conditions. Due to a high cover 
of feather mosses in tundra ecosystems, their N2 fixation rates 
can substantially increase N input under wet but not necessarily in 
warmer conditions. For Sphagnum, on the contrary, warming could 
promote N2 fixation, and the increase is less dependent on mean 
annual precipitation level. In Sphagnum-dominated ecosystems 
such as mires, warming could lead to a substantial increase in N 
input via increased N2 fixation, while in heath tundra ecosystems 
higher rates associated with Sphagnum may have relatively mod-
est impact.
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