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In arctic and boreal ecosystems, ground bryophytes play an important role in regulat-
ing carbon (C) exchange between vast belowground C stores and the atmosphere.
Climate is changing particularly fast in these high-latitude regions, but it is unclear
how altered precipitation regimes will affect C dynamics in the bryosphere (i.e. the
ground moss layer including senesced moss, litter and associated biota) and the closely
associated upper humus layer, and how these effects will vary across contrasting envi-
ronmental conditions. Here, we set up a greenhouse experiment in which mesocosms
were assembled containing samples of the bryosphere, dominated by the feather moss
Hylocomium splendens, and the upper humus layer, that were collected from across a
boreal forest chronosequence in northern Sweden which varies strongly in nutrient
availability, productivity and soil biota. We tested the effect of variation in precipita-
tion volume and frequency on CO, exchange and dissolved organic carbon (DOC)
export, and on moss growth. As expected, reduced precipitation volume and frequency
lowered net CO, efflux, DOC export and moss growth. However, by regulating mois-
ture, the lower bryosphere and humus layers often mediated how precipitation volume
and frequency interacted to drive C dynamics. For example, less frequent precipita-
tion reduced moss growth only when precipitation volume was low. When volume
was high, high moisture content of the humus layer helped avoid moss desiccation.
Variation in precipitation regime affected C cycling consistently in samples collected
across the chronosequence, despite large environmental variation along the sequence.
This suggests that the bryosphere exerts a strong buffering effect on environmental
variation at the forest floor, which leads to similar responses of C cycling to external
perturbations across highly contrasting ecosystems. As such, our study indicates that
projected increases in droughts and ground evapotranspiration in high-latitude regions
resulting from climate change will consistently reduce C losses from moss-dominated
ecosystems.
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Introduction

Climate is changing fastest in high-latitude (boreal and arc-
tic) regions, where global models forecast an increase in the
temporal heterogeneity of precipitation and in the occur-
rence of extreme precipitation events, as well as increased
periods of prolonged droughts (Collins et al. 2013). Further,
rapid warming will increase evapotranspiration rates and thus
contribute to declines in moisture content at and below the
ground surface (Collins et al. 2013, Berg et al. 2017). These
changes in moisture content can affect nutrient and carbon
(C) cycling (Wu et al. 2011, Oquist et al. 2014, Sierra et al.
2015), and thus impact the substantial amounts of C stored
in high-latitude ecosystems, much of which is located at
or near the ground surface (Jobbdgy and Jackson 2000,
Pan et al. 2011). Moreover, these high-latitude C stores are
particularly sensitive to climate change (Gauthier et al. 2015,
Koven et al. 2017). Given that the C balance in terrestrial
ecosystems is largely driven by plant—soil microbe interac-
tions (Metcalfe et al. 2011), the response of plant and micro-
bial function to altered ground moisture regimes is likely to
determine the extent to which high-latitude ecosystems will
serve as a source or sink of C (Reichstein et al. 2013).

In most high-latitude ecosystems the ground vegetation is
characterised by high abundances of bryophytes, often form-
ing dense, continuous layers of mosses (Nilsson and Wardle
2005, Turetsky et al. 2012). Bryophyte communities on the
soil surface form the basis of the bryosphere (sensu Lindo
and Gonzalez 2010), a ground layer encompassing living and
senescent (i.e. non-photosynthetic) moss, litter and the asso-
ciated food web. The bryosphere can account for a substantial
proportion of total ecosystem C uptake, especially in boreal
and arctic ecosystems (Lindo et al. 2013, Street et al. 2013).
For example, the bryosphere can account for more than 20%
of net primary productivity (NPP) of the ground layer veg-
etation in boreal forests (Turetsky et al. 2012, Wardle et al.
2012). The bryosphere also contributes to soil C inputs by
producing recalcitrant litter, which can represent a large pro-
portion of the upper humus layer (Lang et al. 2009, Hilli et al.
2010, Jonsson et al. 2015), and controls decomposition by
regulating ground temperature and moisture (Jackson et al.
2013, Sun et al. 2017) and nitrogen inputs (Lindo et al.
2013), making it an important driver of C cycling in high-
latitude ecosystems.

Carbon cycling in moss-dominated ecosystems can be
greatly impacted by predicted future changes in precipita-
tion regime and ground evapotranspiration, as moisture is a
major driver of physiological processes in mosses (Busby and
Whitfield 1978, Metcalfe and Ahlstrand 2019). Moss mois-
ture content is often highly dependent on frequent precipita-
tion, especially in environments that lack high water levels
(Kulmala et al. 2011, Nijp et al. 2014, Stuiver et al. 2014).
As such, precipitation regimes leading to decreased ground
layer moisture content are expected to impair gross primary
productivity (GPP) of mosses, thus reducing C inputs to the
ecosystem from recalcitrant moss litter. However, the high

water holding capacity of the bryosphere and underlying

soil can regulate how changes in precipitation affect moss
moisture (Robroek et al. 2009, Nijp et al. 2014), and the
bryosphere can reduce evaporation from soil (Beringer et al.
2001). Further, changes in moisture can also alter microbial
activity in the bryosphere (Jackson et al. 2011, Gundale et al.
2012). Lower precipitation amounts are expected to impair
both moss and heterotrophic respiration (i.e. ecosystem res-
piration, ER), and to reduce the loss of dissolved organic car-
bon (DOC) in leachates (Oquist et al. 2014). Meanwhile,
changes in precipitation frequency that lead to increased
drying-rewetting cycles can promote the release of DOC
in leachates from mosses (Slate et al. 2019) and from soil
(Gordon et al. 2008). Therefore, projected shifts in precipi-
tation regime due to climate change could potentially alter
both C uptake and C loss in moss-dominated ecosystems,
with potential consequences for ecosystem C cycling and
C storage. However, the effect of precipitation regime on
C dynamics in moss-dominated ecosystems, and how this
depends on environmental context, has been little explored.

In boreal forests, which account for 30% of the global
forest area and are one of the largest stores of terrestrial C
(Pan et al. 2011, Bradshaw and Warkentin 2015), bryosphere
function can vary greatly across contrasting environmental
conditions. For example, moss NPP and the decomposer
community of the forest floor, including in the bryosphere,
can vary in response to the dominant trait spectra of the
plant community, light availability, nutrient availability and
forest successional stage. Notably, the food web of the bryo-
sphere and the closely associated upper humus layer is more
fungal-based in late- compared to early-succession boreal for-
ests (Clemmensen et al. 2015, Jonsson et al. 2015). Because
fungal-based food webs are better able to adapt to changes
in moisture availability than are bacterial-based food webs
(de Vries et al. 2012), the effect of changes in precipitation
regime on decomposition in moss-covered forest floors may
depend on successional stage. Further, moss NPP increases as
forest succession proceeds (Jonsson et al. 2015), in part sup-
ported by higher rates of nitrogen fixation by moss-associated
cyanobacteria (Lagerstrom et al. 2007, Gundale et al. 2012,
Bay et al. 2013). Nitrogen fixation rates are sensitive to varia-
tion in precipitation regime (Jackson et al. 2011), particu-
larly in late-successional forests, where less precipitation leads
to greater declines in nitrogen fixation rates than in early-
successional forests (Gundale et al. 2009). Therefore, succes-
sional stage may mediate the effects of precipitation regime
on bryosphere C uptake.

Here, we used a greenhouse mesocosm experiment to
examine the effects of variation in water addition (intended
to mimic different precipitation regimes) on bryosphere and
upper humus C cycling across contrasting forested ecosys-
tems. For this, we created mesocosms from moss-covered for-
est floor samples (consisting of Hylocomium splendens mats
and the top humus layer) collected from 30 lake islands that
collectively comprise a well-characterised post-fire chrono-
sequence in the boreal-forested zone of northern Sweden.
These islands vary greatly in area and thus fire history; larger
islands are intercepted more often by lightning than are
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smaller ones meaning that time since fire increases as islands
become smaller (Wardle et al. 1997, 2003, 2012). With
decreasing island size (and increasing time since fire), soil
nutrient availability declines, leading to changes in the plant
community towards species with more resource-conservative
functional traits and impairment of decomposition processes
(Wardle et al. 2003, 2012, Clemmensen et al. 2015). Further,
their decomposer communities are more resource-acquisitive
(i.e. more bacterial-based) on early-successional (larger)
islands, and more resource-conservative (i.e. more fungal-
based) on late-successional (small) islands (Wardle et al.
2012, Clemmensen et al. 2015).

To assess how frequency and volume of precipitation inter-
act to drive C cycling in moss-dominated ecosystems, and
whether these effects depend on their nutrient and microbial
status, we tested the following hypotheses: 1) lower volume
and frequency of water addition will decrease moss growth,
gross primary productivity (GPP) and ecosystem (i.e. bryo-
sphere and humus) respiration (ER), because drier conditions
will impair moss photosynthesis, and moss and microbial res-
piration. Since non-photosynthetic biomass often dominates
moss-covered ecosystems (Lindo and Gonzalez 2010), ER will
decrease more than GPP, leading to lower net CO, loss (i.c.
lower net ecosystem exchange, NEE). Reduced water addition
frequency will have a greater effect at lower water addition vol-
umes, because it will lead to more severe desiccation. 2) Lower
volumes of water addition will result in less leaching, while
more intense drying—rewetting cycles from reduced frequency
of water addition will increase the concentration of dissolved
organic carbon (DOC) in the leachates and thus increase
DOC export. 3) Reduced volume and frequency of water
addition will cause a greater reduction in moss GPP and moss
growth in small compared to large islands. This is because the
mosses in small islands are less limited by nitrogen availability
due to greater rates of nitrogen fixation that are characteris-
tic of later-successional ecosystems (Lagerstrom et al. 2007,
Bansal et al. 2012). Conversely, the decrease in ER and DOC
export in response to lower volume and frequency of water
addition will be greater in large compared to small islands.
This is because microbial communities in the humus layer,
which likely dominate moss-covered forest floor respiration,
are more resource-acquisitive (e.g. bacterial-based) on large
islands and therefore more sensitive to variation in moisture
content (Clemmensen et al. 2015). By testing the response
of total C loss (i.e. from net CO, loss and DOC export) to
reduced water addition volume and/or frequency, we aimed to
better understand the effect of changes in precipitation regime
on the C balance of moss-dominated ecosystems, and how
this effect may depend on environmental context.

Methods
Sampling site

We collected samples of the bryosphere and upper humus
from 30 forested lake islands in northern Sweden (lakes
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Hornavan and Uddjaure, 65°57'-66°10'N, 17°43'—
17°52'E). Mean air temperature is +13°C in July and —14°C
in January, and mean annual rainfall is 750 mm. All islands
formed about 9000 years ago following the retreat of land
ice, and the only major extrinsic factor that varies between
the islands is wildfire frequency. Larger islands intercept more
lightning strikes and are thus subjected to more frequent
stand-replacing fires than are the smaller islands; time since
the most recent fire across the 30 islands ranges from 60 to
5000 years (Wardle et al. 2003). As island size decreases and
time since fire increases, there is a decline in soil fertility that
leads to successional changes in plant and microbial commu-
nities (Clemmensen et al. 2015, Kumordzi et al. 2015). As
such, the more resource-conservative plant communities on
smaller islands are less productive and produce more recalci-
trant litter than do those on large islands (Lagerstrom et al.
2013), and the more resource-conservative microbial com-
munities on small islands produce more recalcitrant necro-
mass (Clemmensen et al. 2013), leading to slower organic
matter decomposition (Wardle et al. 2003). Consistent with
previous work in this study system (Wardle et al. 2003, 2012,
Fanin et al. 2018, Kardol et al. 2018, Grau-Andrés et al.
2020) we grouped the 30 islands into three size classes with
ten islands in each class: large (> 1.0 ha, mean time since
fire + SE: 585 + 233 years), medium (0.1-1.0 ha, mean
time since fire: 2180 + 385 years) and small (< 0.1 ha, mean
time since fire: 3250 + 439 years). Further details of envi-
ronmental variation across the island size gradient is given in
Supporting information.

Sample collection and experimental design

Four samples of the moss-covered forest floor were collected
from each of the 30 islands (n=120) between 30 July and
16 August 2018 using a 10.3-cm internal diameter corer
ficted with a serrate edge. Sampling locations were ran-
domly chosen among continuous moss layers dominated
by Hylocomium splendens, which is the most abundant moss
species across all three island size classes and forms large
monospecific patches (Lagerstrom et al. 2007). We focused
on moss layers dominated by a single moss species to mini-
mise heterogeneity of the bryosphere structure in the meso-
cosms, and thus minimise sources of variation other than our
experimental treatments. The samples included the living
and senesced part of the moss (mean height + SD was 4.3
+ 1.1 cm) and the upper 5.7 + 1.1 cm of the humus layer
(Ot and/or Oe organic soil horizons, where organic matter is
slightly or moderately decomposed; Soil Survey Staff 2015).
While moss and humus thickness of the samples measured
in the field did not vary between island size classes, humus
biomass measured at the final harvest varied across island size
classes and was slightly higher for small islands (3.4 + 0.2 kg
m™) than for medium (2.7 + 0.2 kg m™?) and large islands
(24 +0.1 kgm™ F,,,=5.0, p=0.01; Supporting informa-
tion). The transition from partly decomposed moss to partly
decomposed humus was gradual, with no sharp boundary
between the moss and the humus layer. Assessing ecosystem



functions in moss-dominated forest floors requires that the
bryosphere and the underlying humus are jointly examined,
as moss litter is a major constituent of upper humus layers
(Hilli et al. 2010), and both are intimately linked in con-
trolling C dynamics (Lindo and Gonzalez 2010). The upper
humus layer contributes to high CO, and water vapour par-
tial pressures in the moss layer (Carleton and Dunham 2003,
DeLucia et al. 2003), and mosses supply carbon and nutri-
ents to the soil biota (Sun et al. 2017, Slate et al. 2019).

Upon collection, the samples were put in PVC cylinders
(10.3 cm internal diameter, 10 cm height) fitted with a per-
meable bottom made out of gardening cloth. These meso-
cosms were covered with translucent, permeable gardening
cloth and kept moist at ambient temperature for 2-19 days,
and then stored at 4°C for 18 days. On 6 September 2018, the
mesocosms were transported to a greenhouse and subjected
to one of four water addition treatments until 20 December
2018 (104 days). Day length at the greenhouse was set to
18 h, and photosynthetic active radiation (PAR) during the
day-time was 170 + 18 pmol m™ s™" at the top of the meso-
cosms. Mean day-time temperature was 21.9 + 0.9°C, while
night-time temperature was 16.3 + 0.8°C. Mean day-time
relative humidity was 67.9 + 5.6%, while night-time relative
humidity was 74.5 + 3.6%.

Water addition treatments

Each of the four mesocosms per island was assigned to one
of four water addition treatments. The treatments were a fac-
torial combination of two levels of water addition volume
(average volume per mesocosm per day across the experimen-
tal period, either 20 ml or 5 ml) and two levels of water addi-
tion frequency (either every two days or every four days). The
higher watering volume (20 ml day™" per mesocosm, which
corresponded to 2.4 | m™ day™') and frequency (every two
days) represented the approximate mean summer (June—
September) precipitation regime (volume 2.2 1 m™ day™", fre-
quency 1.7 days) at the sampling site between 1980 and 2010
(SMHI 2020), i.e. ‘ambient’ conditions. The lower volume
(0.6 I m™* day™) and frequency (every four days) treatments
aimed to represent lower ground moisture due to projected
longer droughts and increased ground evaporation in the
region resulting from climate change (Jackson et al. 2011,
Stuiver et al. 2014). We used rain water collected in the vicin-
ity of the greenhouse (DOC=1.8 + 0.1 mg C 1™, dissolved
nitrogen=0.15 + 0.03 mg N "', n=3), and applied it to the
mesocosms using a spray bottle. The mesocosms were loosely
covered with a gardening mesh (allowing 88% light transmit-
tance) to lower evaporation rates and thus simulate the insu-
lating effect of understory dwarf shrub and tree canopy cover
on evaporation from the bryosphere (Heijmans et al. 2004).
We monitored variation in moss moisture content across
cach watering cycle in all mesocosms from day 87 to day 91
after starting the experiment. To do this in a manner that
minimised disturbance to the mesocosms, we visually esti-
mated the proportion of ‘wet’ versus ‘dry’ moss tissue in
each mesocosm daily from 1 h after each water addition to

just before the next water addition (i.e. 0, 1 and 2 days after
water addition in ambient frequency treatments, and 0, 1,
2, 3 and 4 days after water addition in low frequency treat-
ments). Representative ‘wet’ and ‘dry’ moss shoots (top 2
cm) from 15 randomly-chosen mesocosms (3—5 from each
water addition treatment) were then sampled to calculate
moisture content gravimetrically. We then used the mea-
surements from these representative shoots to estimate moss
moisture content for all shoots in all mesocosms. Mesocosm-
averaged moss drying rates were calculated by subtracting the
estimated moss moisture content two days after water addi-
tion from the moisture content just after water addition. To
further assess the effect of the water addition treatments on
humus moisture content, we collected at the same time small
samples (0.1 + 0.04 g dry weight) of the top and bottom 2
cm of the humus layer, both just before and 1 h after water
addition, once from each mesocosm (n=480) to calculate
moisture content gravimetrically.

CO, fluxes

We measured bryosphere CO, flux using a clear plastic cham-
ber (light transmittance =92%, dimensions=12.35 X 12.35
X 16.05 cm) equipped with a CO, analyser, on each meso-
cosm and on each of four sampling dates (i.e. 44, 64, 84 and
104 days after the start of the experiment). To do this, we
sealed the chamber to the top of each mesocosm and recorded
headspace CO, concentrations every 15 s for about 4 min.
A 5 cm diameter fan (4800 rpm, air low=0.25 m® min™")
mixed the air in the chamber during measurements. The flux
of CO, was calculated as the initial rate of change in CO,
concentration over time by fitting either a non-linear or a lin-
ear model following Pedersen et al. (2010), as implemented
in the package ‘HMR’ (Pedersen 2020) in R software (ver.
3.6.2; <www.r-project.org>). We discarded the first 15-30 s
of each measurement to avoid unrepresentative values arising
from sudden pressure differences when sealing the chamber
to the mesocosms. For each of the four sampling dates and
for each mesocosm we first estimated net ecosystem exchange
(NEE; measured with the chamber uncovered) and then
immediately thereafter, ecosystem respiration (ER; measured
with the chamber covered with an opaque plastic sheet). The
chamber was ventilated for at least 40 s between the NEE
and ER measurements. Gross primary productivity (GPP)
was calculated as NEE minus ER. Positive flux values indi-
cate a net flux of CO, to the atmosphere, and negative values
indicate net CO, uptake by the mesocosms (Chapin et al.
2006). We performed these measurements twice at each sam-
pling date. First we performed them shortly before carrying
out the water addition treatment, i.e. at the driest extreme of
the treatment. We then repeated them about 1 h after carry-
ing out the water addition treatment (to minimise transient
responses of photosynthesis and respiration; Proctor et al.
2007), i.e. at the wettest extreme of the treatment. For each
mesocosm at each sampling date, we averaged the CO, fluxes
measured before and after watering to obtain a flux represen-
tative of the entire watering cycle.
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Dissolved organic carbon

To estimate C loss from leached dissolved organic carbon
(DOC), we recorded leachate volumes 30 min after each
water addition event for each mesocosm in collection trays
underneath the mesocosms. In addition, at each of the four
sampling dates (44, 64, 84 and 104 days after the start of the
experiment), we measured DOC concentration in leachates
from each of the mesocosms that had produced leachates.
To do this, about 10 ml of leachate were filtered through a
0.45 pm syringe filter at the time of collection and stored at
4°C for 5-14 days before analysis of total organic C using
a Shimadzu TOC-V + TNM-1. Sample mishandling caused
three missing observations out of a total of 240. For each
sampling date and mesocosm, we calculated DOC export by
multiplying the accumulated mesocosm leachate export over
the previous 20 days (i.e. the length of time between sampling
dates) by the corresponding leachate DOC concentration.

Total carbon loss

The two most important components of the net C balance
of boreal forests are CO, fluxes and export of dissolved C
(which is about 11% of the net CO, exchange; Oquist et al.
2014). We therefore combined data for CO, fluxes and C
loss from DOC to calculate total C loss from each mesocosm
during the experiment following Eq. 1. Daily CO, loss was
calculated as the sum of NEE (i.e. net CO, flux in light con-
ditions, which lasted for 18 h in our experiment) and ER (i.e.
net CO, flux in dark conditions, which lasted for 6 h).

Total C loss(mg Cm™>d™”! ) = (NEE(mg Cm>?h™ ) x18 h) (1)

+(ER(mgCm™ h™)x6h)

+ (leachate export(lm'2 4 ) x [DOC](mg clt ))

Moss growth

To estimate moss growth over the duration of the experiment,
we marked a reference point at the stem of five moss shoots
per mesocosm at the beginning of the experiment using a
waterproof writing correction fluid (Tipp-Ex). As H. splen-
dens grows in annual segments on the previous year shoot
(Okland 1995), we marked each stem below the topmost seg-
ment to standardise the measurements. We then measured
the distance from the reference point to the apex of the shoot
(i.e. the terminal growing bud) using calipers. This distance
was re-measured towards the end of the experiment (i.e. after
79-83 days) and subtracted from the initial measure to locate
the new growth. This new growth was then clipped, oven-
dried and weighed to derive a mesocosm-averaged measure
of moss growth.

Final harvest

At the end of the experiment (20-21 December 2018) we
harvested the moss layer (including photosynthetic and
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non-photosynthetic moss) and the humus layer and calcu-
lated their oven-dry weight.

Statistical analyses

We analysed all data using linear mixed effects models (pack-
age nlme; Pinheiro et al. 2018) in R. We analysed GPP, ER
and NEE (separately for measurements before watering, after
watering, the mean of the two and their difference (i.e. fluxes
after watering minus before watering)), and total C loss, by
specifying as fixed effects the main and interactive effects of
water addition volume, frequency, island size class and time
since the start of the experiment. Since biological responses
to time are often nonlinear, time was entered in the models as
a categorical variable, i.e. we modelled the mean response in
each of four time points, for each combination of water addi-
tion treatment and island size class (Liu et al. 2012, Barton
and Ives 2014). Mesocosm nested within island identity
was included as a random effect to account for spatial non-
independence among the four mesocosms from each island.
Additionally, we defined a correlation structure (function
‘corCARY’) using time since start (as a continuous variable)
to account for the repeated measurements. For ER, NEE and
total C loss, total biomass was also included as a covariate
to account for differences in biomass between mesocosms.
Statistical analyses of leachates were limited to the high-vol-
ume water addition treatments because low-volume water
addition treatments did not produce any leachates. For analy-
sis of leachate export, DOC concentration and DOC export,
we included as fixed effects the main and interactive effects of
water addition frequency, island size class and time since the
start of the experiment. As above, biomass was added as a fixed
effect, mesocosm nested within island identity was included
as a random effect, and time as a correlation structure.

We analysed daily moss moisture content by fitting as
fixed effects the main and interactive effects of water addi-
tion volume, island size class and time since water addition.
Separate models were fitcted for ambient and for low water
addition frequency treatments because the number of levels
of the factor variable ‘time since water addition’ differed, in
that measurements were made immediately after and 1 and
2 days after watering (ambient frequency), and immediately
after and 1, 2, 3 and 4 days after watering (low frequency).
Mesocosm nested within island identity was included as a
random effect, and time since water addition as a correlation
structure to account for the repeated measurements. We ana-
lysed humus moisture content measured immediately before
and immediately after water addition by fitting as fixed effects
the main and interactive effects of water addition volume,
frequency, island size class and time since water addition (i.e.
either immediately before or immediately after water addi-
tion). Separate models were fitted for the top and for the bot-
tom humus layer to facilitate interpretation, as our focus was
on moisture differences within bryosphere layers. Mesocosm
nested in island identity was included as a random effect, and
time since water addition as a correlation structure. Finally,
variables that were measured only once per mesocosm (i.e.



moss drying rates, moss growth, initial moss layer thickness
and humus biomass) were analysed by fitting the main and
interactive effects of water addition volume, frequency and
island size as fixed effects, and island identity as a random
effect.

We checked model assumptions by plotting residuals
against ficted values, and used a constant variance function
(‘varldent’) to account for variance heterogeneity among
precipitation treatments when appropriate (Zuur et al.
2009). Analysis of DOC concentration and DOC export
also required a log transformation of the response variable to
homogenise the variance. Pairwise comparisons between fac-
tor levels were computed using the package emmeans (Lenth
2020). The variance explained by the fixed effects (i.e. mar-
ginal R?) and the variance explained by both fixed and ran-
dom effects (i.e. conditional R?) were computed using the
function ‘r.squaredGLMM’ in the package MuMin (Barton
2019).

Results

Moisture dynamics

Moss moisture content during each watering cycle decreased
much faster with time when the volume of water addition
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was low, compared to the water addition treatment that
represented ambient levels (Fig. la—d; Supporting informa-
tion). Island size mediated the effect of water addition vol-
ume on moss drying rates (interaction F,,=4.6, p=0.01;
Supporting information): under ambient volumes of water
addition, moss dried out fastest in samples from large islands
(moss lost 17.3 + 35.2% of moisture (dry weight basis;
median + interquartile range) day™), and slowest in samples
from small islands (2.7 + 8.0% day™"), but island size had
no effect on moss dying rates under low volumes of water
addition. Moisture content of the humus layer was substan-
tially higher for the ambient compared to low volume water
addition treatments, and generally either decreased slightly
or remained constant during the watering cycle (Fig. le-l;
Supporting information). The effect of water addition fre-
quency on humus moisture content was mediated by water
addition volume: less frequent watering increased humus
moisture content at low volumes, but had no effect at ambi-
ent volumes. Island size had no main or interactive effect on
the moisture dynamics of the upper or lower humus layer.

CO, fluxes and moss growth

Water addition regime affected gross primary productivity
(GPP) of moss consistently across the island size gradient

Ambient Low
Ambient Low Ambient Low
(@ (b) ) (@
a a b | a ababc ¢ bc | a b a b
= = E| - .
o sl lece
® (" @ [(h)
a a
e |
. o 8 | a b
g a i b
'z al@ L]
(i) (), (k) M
a 4 4
a -
T a ' b
! ! H ' ]2 a
a a ; .
- .
012 01234 012 012 3 4

Days since water addition

Figure 1. (Left) Diagram of the bryosphere structure in the mesocosms. (Right) Moisture content (in % dry weight basis) of the upper 2

cm of the moss layer (panels a—d), upper 2 cm of the humus layer (panels e-h) and bottom 2 cm of the humus layer (panels i-l) during each
water addition treatment, i.e. from just after to just before two consecutive water addition events. Boxes and whiskers represent the inter-
quartile range and the outermost values within 1.5 times the interquartile range, respectively; thick lines within boxes represent the median.
In each boxplot, n =30 (3 island size classes X 10 replicates). Within panels, same letters indicate that differences are not statistically signifi-
cant (post hoc comparisons based on Tukey’s test, x=0.05). Results of models underpinning the statistical testing are provided in Supporting
information.
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(Supporting information). Averaged across all island sizes,
moss GPP decreased with both lower water addition vol-
ume (by mean + SD=17 + 35 mg C m™ h™') and lower
water addition frequency (by 8 + 37 mg C m™ h™), but
there was no interaction between these two factors (Fig. 2c,
Supporting information). The decrease in GPP in response to
low water addition volume was more apparent before water
addition (i.e. when moss was driest) than after water addition
(Fig. 2a-b). Similar to GPP, moss growth was impaired by
reduced volume and frequency of water addition consistently
across the island size gradient (Fig. 3, Supporting informa-
tion). On average, lower frequency had a greater effect on
reducing moss growth at ambient compared to low volumes
of water addition.

Ecosystem respiration (ER) of the bryosphere and humus
also responded to water addition regime consistently across

After watering

the island size gradient. Across all island sizes, ER was on
average 53 + 35 mg C m™ h™' higher in mesocosms sub-
jected to ambient compared to low volumes of water addition
(Fig. 2¢, Supporting information). The effect of frequency of
water addition on ER was mediated by the volume of water
addition, because lower frequency slightly decreased ER
at ambient volumes but strongly increased ER at low vol-
umes. This pattern was more apparent after water addition
than before water addition (Fig. 2d—e). Similar to ER, lower
water addition volume decreased net ecosystem exchange
(NEE) (i.e. reduced CO, efflux), and volume mediated the
effect of frequency: lower frequency had no effect on NEE at
ambient volume, but increased NEE at low volume (Fig. 2i,
Supporting information). Island size did not mediate the
response of NEE to variation in water addition volume or
frequency.

Before watering
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Figure 2. Mesocosm CO, fluxes (ecosystem respiration, ER; gross primary productivity, GPP; and net ecosystem exchange, NEE) across
each combination of water addition volume and frequency, for measurements taken before and after water addition, and their mean.
Positive values indicate a net flux of CO, to the atmosphere, and negative values, a net CO, uptake by the mesocosms. Boxes and whiskers

represent the interquartile range and the outermost values within 1.

5 times the interquartile range, respectively; thick lines within boxes

represent the median. Data were aggregated across all island size classes because there was no effect of island size class. In each boxplot,
n=120 (3 island size classes X 10 replicates X 4 time points). Within panels, same letters indicate that differences are not statistically signifi-
cant (post hoc comparisons based on Tukey’s test, = 0.05). Model details are provided in Supporting information.
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Figure 3. Moss shoot biomass production over the duration of the
experiment, for each combination of volume and frequency of
water addition. Boxes and whiskers represent the interquartile range
and the outermost values within 1.5 times the interquartile range,
respectively; thick lines within boxes represent the median. Data
were aggregated across all island size classes because there was no
effect of island size class. In each boxplot, n=30 (3 island size
classes X 10 replicates). Same letters indicate that differences are not
statistically significant (post hoc comparisons based on Tukey’s test,
a=0.05). Model details are provided in Supporting information.

The immediate response of moss GPP to water addition
(i.e. increase in CO, uptake relative to pre-water addition)
varied over the duration of the experiment, and this relation-
ship was mediated by the frequency of water addition. Under
ambient water addition, the response of moss GPP to rewet-
ting increased with time, while under low water addition the

response of moss GPP decreased with time (Supporting infor-
mation). The immediate response of ER was also affected by
an interaction between time and water addition frequency.
Under ambient water addition frequency, the response of ER
to rewetting did not change with time. Yet, when frequency
was reduced, ER response to rewetting decreased with time
(Supporting information). Further, island size class mediated
the effect of frequency on the immediate response of GPP
and ER to water addition. Under ambient water addition
frequency, island size had no effect, but when frequency of
water addition was low, rewetting induced the weakest GPP
and ER recovery in small islands (Supporting information).

Dissolved organic carbon

Leachates were only exported from mesocosms that received
ambient water addition volumes (Fig. 4a). For these treat-
ments, the effect of variation in water addition frequency on
leachate export, DOC concentration or DOC export did not
differ between island size classes (Supporting information).
Overall, lower frequency of water addition had no effect on
leachate export, DOC concentration or DOC export (Fig. 4).
While island size had no main effect on leachate export or
DOC concentration, DOC export was larger (F,,,=3.06,
p=0.04) in samples from medium islands (207 + 184 mg C
m~* day™") than in samples from small islands (118 + 55 mg
C m™ day™), and was intermediate for samples from large

islands (155 + 147 mg C m™ day™).
Total carbon loss

Total bryosphere C loss was largely driven by CO, efflux,
with DOC only contributing to 5 + 6% of the C loss overall
and 10 + 4% at ambient volumes of water addition (Fig. 5).
Similar to our findings for ER and NEE, island size had no
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Figure 4. Leachate export, concentration of dissolved organic carbon (DOC) in the leachate, and DOC export across each combination of
water addition volume and frequency. Boxes and whiskers represent the interquartile range and the outermost values within 1.5 times the
interquartile range, respectively; thick lines within boxes represent the median. Data were aggregated across all island size classes because
frequency did not interact with island size class. In each boxplot, n ranged from 118 to 120 (3 island size classes X 10 replicates X 4 time
points). Frequency of water addition had no effect on any of the three variables (post hoc comparisons based on Tukey’s test, ®=0.05).

Model details are provided in Supporting information.
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overall effect on total C loss, and did not mediate the effect
of water addition regime on total C loss. Also in line with
the CO, flux results, total C loss decreased in response to
lower volume of water addition, while lower frequency had
no effect at ambient volumes but increased total C loss at low
volumes (Fig. 5, Supporting information).

Discussion

Using a mesocosm experiment, we found that precipitation
volume and frequency, and their interaction, controlled C
dynamics in the bryosphere and upper humus layer, with
those treatments that caused drier conditions generally result-
ing in a decrease in net CO, efflux and DOC export. These
effects were largely consistent for mesocosms originating
from highly contrasting ecosystems across a boreal forest suc-
cessional gradient. Below, we examine our findings and dis-
cuss how they contribute to our understanding of forest floor
C dynamics under changing precipitation regimes.

CO, fluxes and moss growth

In line with our first hypothesis, bryosphere gross primary
productivity (GPP) and moss growth were impeded by lower
volume and frequency of water addition. Volumes of water
addition representing ambient precipitation regimes gener-
ally kept moss moisture content above 600%, i.e. close to
the moisture content of Hylocomium splendens at field capac-
ity, and above the 200-250% threshold below which A.
splendens GPP rapidly declines (Busby and Whitfield 1978,
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Figure 5. Total carbon loss (including CO, efflux and leachate dis-
solved organic carbon, DOC) for each combination of volume and
frequency of water addition. Error bars are SE computed on meso-
cosm-averaged values (n=30 in each water addition treatment; 3
island size classes X 10 replicates). Data were averaged across all
island size classes because there was no effect of island size class.
Same letters indicate that differences are not statistically significant
(post hoc comparisons based on Tukey’s test, a=0.05). Model
details are provided in Supporting information.

520

Skre et al. 1983). Conversely, low volumes of water addition
led to quick declines in moss moisture content (i.e. it aver-
aged 479% one day after watering and 200% two days after)
and thereby impaired moss GPP and growth. Although A.
splendens has a limited capacity to regulate internal moisture
content and is therefore sensitive to precipitation frequency
(Kulmala et al. 2011, Gundale et al. 2012), the uppermost
bryosphere layer remained wet for up to four days after ambi-
ent volume water addition. This suggests that the relatively
wet lower layer of the bryosphere (i.e. the senesced moss) and
underlying humus layer in ambient volume water addition
treatments helped the upper photosynthetic part of the bryo-
sphere avoid desiccation. Possible mechanisms of upward
moisture transfer include evaporation from the wetter lower
layers followed by condensation on the moss shoots, exter-
nal capillary wicking and some (though limited) internal
transport through cell cytoplasm or cell wall (Carleton and
Dunham 2003, Price et al. 2009, Sokolowska et al. 2017).
While moss growth was influenced by an interactive effect
of water addition volume and frequency, the increase in
moss growth with higher frequency was greatest at higher
volumes of water addition, contrary to findings in peatlands
(Robroek et al. 2009, Nijp et al. 2014). However, in line
with our results, previous work on boreal feather mosses has
found that rates of litter decomposition and cyanobacterial
nitrogen fixation in the bryosphere responded most strongly
to increased frequency of water addition at higher precipita-
tion volumes (Jackson et al. 2011). Together, this suggests
that variation in frequency of water addition when moisture
is below a minimum threshold has a negligible effect on moss
function, and that consideration of both precipitation vol-
ume and frequency is key to understanding how altered pre-
cipitation regimes affect bryosphere C uptake.

Ecosystem respiration (ER) of the bryosphere and upper
humus layer also decreased in response to lower water addi-
tion volume, presumably through impairment of both auto-
trophic and heterotrophic respiration (i.e. decreased rates of
organic matter decomposition) (Wu et al. 2011, Sierra et al.
2015). Contrary to our first hypothesis that less frequent water
addition would impair ER, lower frequency had no effect on
ER at ambient water addition volumes and promoted ER at
low water addition volumes. The lack of effects of watering
frequency at ambient volumes can be explained by the small
effect of frequency on overall bryosphere and humus mois-
ture content, which remained high throughout the watering
cycle. In contrast, less frequent water addition in low vol-
ume addition treatments led to wetter humus, possibly due
to reduced water interception by mosses on top of the humus
when a given amount of water was added less frequently but
in larger amounts. As such, when precipitation volumes are
low, evaporation in the upper moss layer is likely to prevent
moisture from reaching the lower layers of the bryosphere
and the humus especially when water addition is spread more
evenly over time (Soudzilovskaia et al. 2011). Additionally,
lower frequency of water addition (i.e. with fewer but larger
watering events) could have led to greater leaching of soluble
C and nitrogen from mosses into the humus which may have



then stimulated microbial activity and increased ER in the
humus (Sun et al. 2017, Slate et al. 2019). In total, these
results indicate that respiration may have been mainly driven
by moisture dynamics in the lower layers of the bryosphere
and the upper humus.

Net ecosystem exchange (NEE) was dominated by ER
and therefore showed similar patterns to ER. Lower volume
of water addition decreased NEE (i.e. net CO, efflux from
the bryosphere and upper humus layer was reduced), and less
frequent water addition increased NEE only at low volumes
of water addition. Ecosystem respiration dominated NEE
responses to changes in water addition regime because total
non-photosynthetic biomass contributing to ER was greater
than photosynthetic moss biomass contributing to GPD, in
alignment with our first hypothesis. Moreover, ER was more
sensitive to changes in water addition regime than was GPP.
For example, treatment-level mean ER ranged from 28 to 94
mg C m™ h™', while GPP only ranged from 25 to 50 mg C
m~>h™". This could result from greater between-treatment dif-
ferences in moisture content in the humus layer (where most
respiration occurs) compared to the upper moss layer (where
photosynthesis occurs). Additionally, the higher sensitivity
of heterotrophic respiration to variation in moisture content
(especially in warmer conditions; Sierra et al. 2015) relative
to H. splendens GPP (Busby and Whitfield 1978) could help
explain why ER responded more strongly to variation in
water addition than did GPP. Because watering regimes lead-
ing to drier conditions (i.e. overall reduced water addition
volume, and reduced frequency at low volumes) impaired ER
more than GPP, a drier bryosphere and humus resulted in a
lower NEE (i.e. decreased CO, loss). Taken together, these
findings indicate that under future climatic scenarios leading
to a drier forest floor during the growing season, impaired
respiration from the bryosphere and upper humus layer could
reduce CO, efflux and thus reduce C loss from boreal forests.

DOC and total C loss

To estimate the effect of variation in precipitation regime on
the C budget of the bryosphere and upper humus layer, we
also analysed the export of dissolved organic carbon (DOC)
in leachates. Low volumes of water addition were insufficient
to saturate the mesocosms and leachate export was therefore
only observed in ambient volume water addition treatments.
This aligns well with the strong positive correlation found
between precipitation amount and DOC export in boreal
forests (Oquist et al. 2014). In ambient volume treatments,
reduced frequency of water addition leading to more intense
drying-rewetting cycles had no effect on DOC concentra-
tion in the leachates, contrary to our second hypothesis. This
finding contrasts with studies reporting that drying-rewetting
cycles increase DOC production from mosses (Slate et al.
2019) and soil (Gordon et al. 2008) through greater damage
to plant and microbial cells. A likely explanation of our results
is that in the ambient volume addition treatments, relatively
stable wet conditions in the lower layers of the bryosphere
and in the humus buffer against large moisture fluctuations,

including in the upper moss layer. This suggests that the
response of DOC loss from the boreal forest floor to varia-
tion in precipitation regime will be mainly determined by the
volume of precipitation, through controlling the amount of
leachate that is exported. In contrast, precipitation frequency
will have a minor impact on the C concentration of those
leachates because of the buffering effect of the bryosphere and
upper soil layer on soil moisture variation.

We estimate that DOC loss contributed only about 5% of
total C loss overall (i.e. across all treatments), meaning CO,
uptake and efflux were the main drivers of the C balance of
the bryosphere and upper humus. As such, the effect of water
addition on total C loss largely mirrored the response of ER
and NEE, i.e. total C loss decreased with lower volume of
water addition, and increased with lower frequency of water
addition only at low volumes.

Context-dependency

Bryosphere GPP and moss growth responded similar to water
addition treatments for bryosphere and upper humus layer
samples taken from across highly contrasting ecosystems, i.e.
islands supporting forest at different successional stages (i.e.
time since wildfire) and with different ecosystem properties.
This finding is contrary to our third hypothesis predicting
that the functioning of mosses from late-succession forests
which are less nitrogen-limited (because they support higher
rates of biological nitrogen fixation; Lagerstrom et al. 2007)
would be more affected by lower moisture availability than
would mosses from early-succession forests (Gundale et al.
2009). However, our results are in line with previous work in
the same study system showing that the productivity to bio-
mass ratio of H. splendens was relatively invariant across the
forest successional gradient (Bansal et al. 2012). Given that
the mosses are likely to be less nutrient limited in late-suc-
cessional than in early-successional forests (Lagerstrom et al.
2007, Bansal et al. 2012), the similar responses of the moss
GPP and growth to moisture treatments across our succes-
sional gradient indicate that the relationship of moss produc-
tivity with moisture is likely to be independent of nutrient
availability or of its nutrient status.

Further, our finding that ER and DOC export responded
consistently to water addition treatments across the chro-
nosequence is contrary to our hypothesis that these largely
microbially-driven fluxes would be more impaired by low
moisture in early- compared to late-succession forests. We
expected this because from previous studies we know that,
compared to late-succession forests, microbial communities
in the upper humus of early-succession forests are less nutri-
ent-limited and more bacterial-based, which would make
them more susceptible to low moisture (Wardle et al. 2012,
Clemmensen et al. 2015). Moreover, ER and total C loss were
unaffected by forest successional stage, which is in contrast to
reports from the same study system of higher respiration in
the uppermost humus (Wardle et al. 2012) and the whole
forest floor (i.e. including the humus layer, understory vege-
tation and tree roots; Wardle et al. 2016) in early-successional
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forests. This indicates that, compared to the broader forest
floor respiration, respiration of the bryosphere and upper
humus layer remains relatively invariant across strong gradi-
ents of plant and microbial productivity and soil fertility.

Taken together, our results show that the effects of varia-
tion in precipitation regime on function of moss-dominated
ecosystems are consistent across vastly contrasting environ-
mental conditions, and point to a buffering effect of the
bryosphere on environmental variation among different
ecosystems. This buffering effect could result from the high
capacity of the bryosphere to retain nutrients (Liu et al. 2020),
regulate microclimate (Jackson et al. 2011, Sun et al. 2017)
and produce recalcitrant litter (Lang et al. 2009), which all
play a role in regulating C turnover. Our results suggest that,
as a result of this buffering effect, differences in soil nutrient
availability, soil and bryosphere microbial communities and
broader abiotic properties (e.g. light availability) across con-
trasting ecosystems (Clemmensen et al. 2015, Jonsson et al.
2015, Jean et al. 2020) may have a minimal effect on how
changing precipitation regimes impact C dynamics in moss-
dominated forest floors.

Conclusions

Our study demonstrates strong effects of moisture dynamics
on the C balance of the bryosphere and upper humus layers,
and shows that joint consideration of precipitation volume
and frequency is key to understanding moss-dominated for-
est floor function in boreal regions. This is particularly impor-
tant as future climate scenarios for boreal and arctic regions
predict large changes in moisture regimes through increased
precipitation and evapotranspiration, and more frequent
extreme precipitation events and droughts (Collins et al.
2013, Berg et al. 2017). Further, our results suggest that the
high water holding capacity of the underlying humus layer
plays an important role in buffering moss moisture and func-
tion against variation in precipitation frequency. Therefore,
models of moss C uptake may benefit from accounting for
moisture retention and supply from the underlying substrate
(Kulmala et al. 2011, Porada et al. 2013). Our findings also
indicate that projected increases in the temporal variabil-
ity of precipitation may have a limited effect on C dynam-
ics of moss-dominated ecosystems as long as precipitation
amounts do not decline, at least if environmental conditions
that limit ground-level evaporation (e.g. high vascular plant
cover, low ground wind speed) persist. Conversely, precipita-
tion regimes leading to drier ground conditions will reduce
short-term net C loss both from CO, efflux and leaching to
deeper horizons. To determine long-term effects of changes
in precipitation regime on C dynamics of moss-dominated
ecosystems, future work should determine the sensitivity of
moss abundance in natural communities to variation in pre-
cipitation regimes (Turetsky et al. 2012). Finally, the high
degree of buffering of the bryosphere and upper humus layer
against environmental variation suggests that drivers of forest
floor function such as soil fertility and microbial composition
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may play only a minor role on C dynamics of moss-domi-
nated ecosystems. Therefore, efforts to predict the response
of moss-dominated ecosystems to climate change should
also focus on intrinsic properties of the bryosphere and the
underlying substrate (e.g. moss species identity, bulk den-
sity; Nijp et al. 2014) as these may dominate the response of
moss-dominated ecosystems to changing climatic conditions
across wide environmental gradients and among ecosystems.

Data availability statement

Data available from the Dryad Digital Repository: <http://
dx.doi.org/10.5061/dryad.3bk3j9kj4> (Grau-Andrés et al.
2021).

Acknowledgements — We thank Kelley Gundale, Clydecia Spitzer,
Kibrom Berhe Abreha and Ludovic Henneron for help running the
experiment. Claudia von Bromssen advised on statistical analyses,
and Stefan Hupperts provided valuable comments on a previous
version of the manuscript.

Funding — This research was funded by a project grant (2017-
00366) awarded by the Swedish Research Council Formas to PK.
Conflicts of interest — The authors declare no competing interests.

Author contributions

Roger Grau-Andrés: Conceptualization (supporting); Data
curation (lead); Formal analysis (lead); Investigation (lead);
Methodology (equal); Visualization (lead); Writing-original
draft (lead); Writing — review and editing (lead). David A.
Wardle: Funding acquisition (supporting); Methodology
(supporting); Writing — review and editing (equal). Marie-
Charlotte Nilsson: Funding acquisition (supporting);
Methodology (supporting); Writing — review and editing
(equal). Paul Kardol: Conceptualization (lead); Funding
acquisition (lead); Methodology (supporting); Project
administration (lead); Resources (lead); Supervision (lead);
Writing — review and editing (equal).

References

Bansal, S. et al. 2012. Response of photosynthetic carbon gain to
ecosystem retrogression of vascular plants and mosses in the
boreal forest. — Oecologia 169: 661-672.

Barton, K. 2019. MuMIn: multi-model inference. — R package ver.
1.43.15.

Barton, B. T. and Ives, A. R. 2014. Species interactions and a chain
of indirect effects driven by reduced precipitation. — Ecology
95: 486-494.

Bay, G. et al. 2013. Boreal feather mosses secrete chemical signals
to gain nitrogen. — New Phytol. 200: 54-60.

Berg, A. et al. 2017. Divergent surface and total soil moisture pro-
jections under global warming: future soil moisture changes in
coupled model intercomparison project phase 5. — Geophys.
Res. Lett. 44: 236-244.

Beringer, J. et al. 2001. The representation of arctic soils in the land
surface model: the importance of mosses. — J. Clim. 14:

3324-3335.



Bradshaw, C. J. A. and Warkentin, I. G. 2015. Global estimates of
boreal forest carbon stocks and flux. — Global Planet. Change
128: 24-30.

Busby, J. R. and Whitfield, D. W. A. 1978. Water potential, water
content and net assimilation of some boreal forest mosses.
— Can. J. Bot. 56: 1551-1558.

Carleton, T. J. and Dunham, K. M. M. 2003. Distillation in a
boreal mossy forest floor. — Can. J. For. Res. 33: 663-671.
Chapin, E S. et al. 2006. Reconciling carbon-cycle concepts, ter-

minology and methods. — Ecosystems 9: 1041-1050.

Clemmensen, K. E. et al. 2013. Roots and associated fungi drive
long-term carbon sequestration in boreal forest. — Science 339:
1615-1618.

Clemmensen, K. E. et al. 2015. Carbon sequestration is related to
mycorrhizal fungal community shifts during long-term succes-
sion in boreal forests. — New Phytol. 205: 1525-1536.

Collins, M. et al. 2013. Long-term climate change: projections,
commitments and irreversibility. — In: Stocker, T. E and Qin,
D. (eds), Climate change 2013 — the physical science basis:
contribution of working group I to the fifth assessment report
of the intergovernmental panel on climate change. Cambridge
Univ. Press, pp. 1029-1136.

de Vries, E T. et al. 2012. Land use alters the resistance and resil-
ience of soil food webs to drought. — Nat. Clim. Change 2:
276-276.

DeLucia, E. H. et al. 2003. The contribution of bryophytes to the
carbon exchange for a temperate rainforest. — Global Change
Biol. 9: 1158-1170.

Fanin, N. et al. 2018. Consistent effects of biodiversity loss on mul-
tifunctionality across contrasting ecosystems. — Nat. Ecol. Evol.
2: 269-278.

Gauthier, S. et al. 2015. Boreal forest health and global change.
— Science 349: 819-822.

Gordon, H. etal. 2008. Drying and rewetting effects on soil micro-
bial community composition and nutrient leaching. — Soil Biol.
Biochem. 40: 302-311.

Grau-Andrés, R. et al. 2020. Effects of plant functional group
removal on CO, fluxes and belowground C stocks across con-
trasting ecosystems. — Ecology 101: ¢03170.

Grau-Andrés, R. et al. 2021. Data from: Precipitation regime con-
trols bryosphere carbon cycling similarly across contrasting eco-
systems. — Dryad Digital Repository, <http://dx.doi.
org/10.5061/dryad.3bk3j9kj4>.

Gundale, M. J. et al. 2009. The sensitivity of nitrogen fixation by
a feathermoss—cyanobacteria association to litter and moisture
variability in young and old boreal forests. — Can. J. For. Res.
39: 2542-2549.

Gundale, M. J. et al. 2012. The effect of altered macroclimate on
N-fixation by boreal feather mosses. — Biol. Lett. 8: 805-808.

Heijmans, M. M. P. D. et al. 2004. Carbon dioxide and water
vapour exchange from understory species in boreal forest.
— Agric. For. Meteorol. 123: 135-147.

Hilli, S. et al. 2010. Litter decomposition rates in relation to litter
stocks in boreal coniferous forests along climatic and soil fertil-
ity gradients. — Appl. Soil Ecol. 46: 200-208.

Jackson, B. G. et al. 2011. Response of feather moss associated N,
fixation and litter decomposition to variations in simulated
rainfall intensity and frequency. — Oikos 120: 570-581.

Jackson, B. G. et al. 2013. The effects of the moss layer on the
decomposition of intercepted vascular plant litter across a post-

fire boreal forest chronosequence. — Plant Soil 367: 199-214.

Jean, M. et al. 2020. Experimental assessment of tree canopy and
leaf litter controls on the microbiome and nitrogen fixation
rates of two boreal mosses. — New Phytol. 227: 1335-1349.

Jobbégy, E. G. and Jackson, R. B. 2000. The vertical distribution
of soil organic carbon and its relation to climate and vegetation.
— Ecol. Appl. 10: 423-436.

Jonsson, M. et al. 2015. Direct and indirect drivers of moss com-
munity structure, function and associated microfauna across a
successional gradient. — Ecosystems 18: 154-169.

Kardol, P. et al. 2018. Long-term effects of species loss on com-
munity properties across contrasting ecosystems. — Nature 557:
710-713.

Koven, C. D. et al. 2017. Higher climatological temperature sen-
sitivity of soil carbon in cold than warm climates. — Nat. Clim.
Change 7: 817-822.

Kulmala, L. et al. 2011. Photosynthesis of ground vegetation in
different aged pine forests: effect of environmental factors pre-
dicted with a process-based model. — J. Veg. Sci. 22: 96-110.

Kumordzi, B. B. et al. 2015. Plant assemblages do not respond
homogenously to local variation in environmental conditions:
functional responses differ with species identity and abundance.
—J. Veg. Sci. 26: 32-45.

Lagerstrom, A. et al. 2007. Ecosystem input of nitrogen through
biological fixation in feather mosses during ecosystem retrogres-
sion. — Funct. Ecol. 21: 1027-1033.

Lagerstrom, A. et al. 2013. Decoupled responses of tree and shrub
leaf and litter trait values to ecosystem retrogression across an
island area gradient. — Plant Soil 367: 183-197.

Lang, S. L. et al. 2009. An experimental comparison of chemical
traits and litter decomposition rates in a diverse range of sub-
arctic bryophyte, lichen and vascular plant species. — J. Ecol.
97: 886-900.

Lenth, R. 2020. emmeans: estimated marginal means, aka least-
squares means. — R package ver. 1.5.0

Lindo, Z. and Gonzalez, A. 2010. The bryosphere: an integral and
influential component of the earth’s biosphere. — Ecosystems
13: 612-627.

Lindo, Z. et al. 2013. Bryophyte-cyanobacteria associations as
regulators of the northern latitude carbon balance in response
to global change. — Global Change Biol. 19: 2022-2035.

Liu, S. et al. 2012. Selecting a linear mixed model for longitudinal
data: repeated measures analysis of variance, covariance pattern
model and growth curve approaches. — Psychol. Methods 17:
15-30.

Liu, X. et al. 2020. High nitrogen resorption efficiency of forest
mosses. — Ann. Bot. 125: 557-563.

Metcalfe, D. B. and Ahlstrand, J. C. M. 2019. Effects of moisture
dynamics on bryophyte carbon fluxes in a tropical cloud forest.
— New Phytol. 222: 1766-1777.

Metcalfe, D. B. et al. 2011. Plant communities as drivers of soil
respiration: pathways, mechanisms and significance for global
change. — Biogeosciences 8: 2047-2061.

Nijp, J. J. et al. 2014. Can frequent precipitation moderate the
impact of drought on peatmoss carbon uptake in northern peat-
lands? — New Phytol. 203: 70-80.

Nilsson, M.-C. and Wardle, D. A. 2005. Understory vegetation as
a forest ecosystem driver: evidence from the northern Swedish
boreal forest. — Front. Ecol. Environ. 3: 421-428.

Okland, R. H. 1995. Population biology of the clonal moss hylo-
comium  splendens in norwegian boreal spruce forests. I.

Demography. — J. Ecol. 83: 697-712.

523



Oquist, M. G. et al. 2014. The full annual carbon balance of boreal
forests is highly sensitive to precipitation. — Environ. Sci. Tech-
nol. Lett. 1: 315-319.

Pan, Y. etal. 2011. A large and persistent carbon sink in the world’s
forests. — Science 333: 988-993.

Pedersen, A. R. 2020. HMR: flux estimation with static chamber
data. — R package ver. 1.0.1.

Pedersen, A. R. et al. 2010. A comprehensive approach to soil-
atmosphere trace-gas flux estimation with static chambers.
— Eur. J. Soil Sci. 61: 888-902.

Pinheiro, J. et al. 2018. nlme: linear and nonlinear mixed effects
models. — R package ver. 3.1-138.

Porada, P. et al. 2013. Estimating global carbon uptake by lichens
and bryophytes with a process-based model. — Biogeosciences
10: 6989-7033.

Price, J. S. et al. 2009. Physical and isotopic characterization of
evaporation from Sphagnum moss. — J. Hydrol. 369: 175-182.

Proctor, M. C. E et al. 2007. Desiccation tolerance in the moss
Polytrichum formosum: physiological and fine-structural changes
during desiccation and recovery. — Ann. Bot. 99: 75-93.

Reichstein, M. et al. 2013. Climate extremes and the carbon cycle.
— Nature 500: 287-295.

Robroek, B. J. M. et al. 2009. Interactive effects of water table and
precipitation on net CO, assimilation of three co-occurring
Sphagnum mosses differing in distribution above the water
table. — Global Change Biol. 15: 680-691.

Sierra, C. A. et al. 2015. Sensitivity of decomposition rates of soil
organic matter with respect to simultaneous changes in tem-
perature and moisture. — J. Adv. Model. Earth Syst. 7: 335-356.

Skre, O. et al. 1983. Moss leaf water content and solar radiation at
the moss surface in a mature black spruce forest in central
Alaska. — Can. J. For. Res. 13: 860—868.

Slate, M. L. et al. 2019. Desiccation and rehydration of mosses
greatly increases resource fluxes that alter soil carbon and nitro-
gen cycling. — J. Ecol. 107: 1767-1778.

SMHI 2020. Daily precipitation in Arjeplog-A meteorological sta-
tion. — Sweden’s Meteorological and Hydrological Institute
— SMHI, Norrképing, Sweden.

524

Soil Survey Staff 2015. Illustrated guide to soil taxonomy, ver. 2.
— US Dept of Agriculture, Natural Resources Conservation Ser-
vice, National Soil Survey Center, Lincoln, NE.

Sokotowska, K. et al. 2017. Symplasmic and apoplasmic transport
inside feather moss stems of Pleurozium schreberi and Hyloco-
mium splendens. — Ann. Bot. 120: 805-817.

Soudzilovskaia, N. A. et al. 2011. How do bryophytes govern gen-
erative recruitment of vascular plants? — New Phytol. 190:
1019-1031.

Street, L. E. et al. 2013. The role of mosses in carbon uptake
and partitioning in arctic vegetation. — New Phytol. 199:
163-175.

Stuiver, B. et al. 2014. The impact of moss species and biomass on
the growth of Pinus sylvestris tree seedlings at different precipi-
tation frequencies. — Forests 5: 1931-1951.

Sun, S.-Q. et al. 2017. Ground bryophytes regulate net soil carbon
efflux: evidence from two subalpine ecosystems on the east edge
of the Tibet Plateau. — Plant Soil 417: 363-375.

Turetsky, M. R. et al. 2012. The resilience and functional role of
moss in boreal and arctic ecosystems. — New Phytol. 196:
49-67.

Wardle, D. A. et al. 1997. The influence of island area on ecosystem
properties. — Science 277: 1296-1299.

Wardle, D. A. et al. 2003. Long-term effects of wildfire on ecosys-
tem properties across an island area gradient. — Science 300:
972-975.

Wardle, D. A. et al. 2012. Linking vegetation change,
carbon sequestration and biodiversity: insights from island eco-
systems in a long-term natural experiment. — J. Ecol. 100:
16-30.

Wardle, D. A. et al. 2016. Above-ground and below-ground
responses to long-term nutrient addition across a retrogressive
chronosequence. — J. Ecol. 104: 545-560.

Wu, Z. et al. 2011. Responses of terrestrial ecosystems to tempera-
ture and precipitation change: a meta-analysis of experimental
manipulation. — Global Change Biol. 17: 927-942.

Zuur, A. et al. 2009. Mixed effects models and extensions in ecol-
ogy with R. — Springer Science & Business Media.



