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Soil temperature and moisture are important regulators of a broad range of biotic and 
abiotic processes in terrestrial ecosystems. Vegetation can, in turn, play a role in regulat-
ing soil microclimate, which creates potential for powerful and interactive feedbacks 
from soil and vegetation on the atmosphere. Although the regulatory effect of vegetation 
on soil microclimatic conditions has been quite extensively and empirically assessed, 
most studies have determined the net effect of intact woody vegetation versus bare 
ground. However, for other plant functional groups we lack a clear understanding of 
their role and any climate-context dependency in controlling microclimatic conditions.

We investigated the role of three major plant functional groups – graminoids, forbs and 
bryophytes – in regulating soil microclimate in semi-natural alpine grasslands. Using a fully 
factorial above-ground biomass removal experiment, we assessed the role of these plant func-
tional groups in regulating soil temperature amplitude, soil moisture, and number of freezing 
days. The experiment was replicated across orthogonal temperature and precipitation gradients 
in Norway to assess whether the effects of functional group abundance varied with climate.

The effect of plant biomass on soil microclimate varied among functional groups 
across the climatic gradients. Bryophytes reduced growing season soil temperature, 
whereas graminoids and forbs did not (0.5ºC compared to 0ºC), and with a stronger 
effect in colder climates at higher elevations and on days with high solar radiation. 
Bryophyte biomass further reduced the number of soil freezing days at boreal and 
sub-alpine sites. Finally, graminoid biomass partly explained variation in soil moisture: 
soils dried more under graminoids at drier sites.

Our findings highlight that functional group identity plays a key role in regulating 
soil microclimate in alpine grasslands across seasons. The strong effect of bryophytes 
on soil temperature points to their importance in the plant community for a variety of 
ecosystem functions, some of which may be indirectly vulnerable to future warming 
via biomass reductions of bryophytes.
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Introduction

Soil microclimate regulates a range of ecological processes, 
many of which exert strong impacts on ecosystem function-
ing. For example, soil microclimate directly impacts plant 
growth and performance through the regulation of metabolic 
rates (Criddle et al. 1997, Xu and Huang 2000) and indi-
rectly through water and nutrient availability (Schimel et al. 
1996). In alpine and arctic systems in particular, variation 
in soil microclimate is important for decomposition rates 
(Risch et al. 2007, van Zuijlen et al. 2020), seed germination 
(Soudzilovskaia et al. 2011), and carbon fluxes (Chen et al. 
2017, Happonen et al. 2022), because the low stature of the 
alpine plant canopy strengthens the interaction of atmo-
sphere, vegetation and soil. Enhancing our understanding of 
factors influencing soil microclimate will improve our pre-
dictions of how ecosystem processes will respond to climate 
change in alpine regions.

Climate is a primary regulator of soil microclimatic condi-
tions in alpine areas, as soil and ambient air temperatures are 
coupled, at least during the growing season (Graae et al. 2012). 
The magnitude of the effect of regional climate is also in part 
determined by precipitation, whereby increased soil moisture 
via precipitation increases soil heat capacity and latent heat-
ing effects (Bonan 2015). Soil microclimate is also affected by 
cloud cover, both through regulating incoming solar radiation 
and thus direct heating of vegetation and soil, and through 
dampening fluctuations in diurnal air temperatures (Dai et al. 
1999). This biosphere–atmosphere coupling collapses when 
the ground is covered by snow (Rixen et al. 2022), suggesting 
differing dynamics during winter depending on snow cover, 
which is affected by temperature and precipitation, but also 
on local wind and topographic conditions (Bonan 2015). 

While much variation in soil microclimate is attributable 
to regional climate, topographical heterogeneity and soil sub-
strate (Wundram et al. 2010, Ashcroft and Gollan 2013), a 
growing number of studies suggest that vegetation itself can 
also strongly influence local soil microclimates (Scherrer and 
Körner 2010, Graham et al. 2012, Aalto et al. 2013, De 
Frenne et al. 2021, Kemppinen et al. 2021). Plants vary in 
their capacity to regulate microclimate, according to their 
physical and functional characteristics such as sward open-
ness, structure and height (von Oppen et al. 2022), although 
this variation often seems consistent within functional groups. 
For example, there has been extensive research on the mech-
anisms determining microclimate regulating capacity for 
woody plants and in a range of ecosystems (D’Odorico et al. 
2013), from semi-arid woodlands (Breshears et al. 1998), 
to coastal mangrove communities (Devaney et al. 2017, 
Guo et al. 2017), and arctic-alpine heath (Kemppinen et al. 
2021). However, very few studies have assessed how low-
stature grassland plants and functional groups regulate soil 
microclimate in alpine regions (but see von Oppen et al. 
2022), which are considered one of the most vulnerable to 
global climate change (IPBES 2019).

Climate change is driving shifts in the abundance of 
functional groups (Wookey et al. 2009, Peng et al. 2017). 

Graminoid abundance in particular has been found to 
increase with warming (Brooker and van der Wal 2003, 
Elmendorf et al. 2012, Winkler et al. 2016), resulting in 
reduced forb abundance (Jaroszynska 2019) and declines in 
bryophyte cover (Van Der Wal and Brooker 2004, Klanderud 
and Totland 2005, Elmendorf et al. 2012, Lang et al. 2012). 
Alpine plant communities are becoming taller with warm-
ing (Bjorkman et al. 2018, Henry et al. 2022). Since alpine 
regions are greening faster than ever (Rumpf 2022), it is 
increasingly important to understand how low-stature alpine 
vegetation regulates microclimate in alpine regions. Despite 
the importance of soil microclimate in regulating many 
ecological processes, and our knowledge of the directional 
changes in functional group abundance and structure with 
climate change, we still lack a clear understanding of how 
changing vegetation will affect soil microclimate and thus 
ecosystem functioning.

Most studies of the relationship between vegetation and 
soil microclimate in alpine and arctic systems are observa-
tional and conducted on whole communities (Zellweger et al. 
2019). This makes it difficult to disentangle whether, how, 
and to what extent plant functional groups differentially 
affect soil microclimate. While some evidence exists that 
bryophytes buffer extremes in soil temperature despite the 
principal influence of topography, climate, and soil proper-
ties (Olofsson et al. 2004, Van Der Wal and Brooker 2004, 
Aalto et al. 2013, Lett et al. 2021, von Oppen et al. 2022), we 
know very little about the specific regulatory and interactive 
effects of the major plant functional groups on soil microcli-
mate, and to what extent these effects vary along climate gra-
dients. Because climate change affects plant functional groups 
differentially, this potentially has consequences for future 
climate feedbacks. A powerful approach to disentangle the 
contributions of different plant functional groups is through 
in situ targeted plant removals. Removal experiments have 
been used to identify the contributors within plant commu-
nities to a variety of ecological processes (Díaz et al. 2003), 
from biotic interactions (Olsen et al. 2016) to carbon flux 
(McLaren and Turkington 2010).

We use removal experiments to disentangle the contri-
butions of three functionally unique and important plant 
functional groups in arctic alpine systems – graminoids, 
forbs and bryophytes – to regulating soil microclimate. 
Specifically, we investigate the role of plant functional group 
identity in regulating soil temperature and soil moisture 
in summer, and soil freezing in winter, by experimentally 
removing the aboveground biomass of the three functional 
groups following a fully factorial design. These removals 
were replicated along natural temperature and precipita-
tion gradients in Norway, thereby scaling our experiment 
to the landscape and in so doing explicitly addressing the 
context-dependency of our findings (Post et al. 2009). We 
hypothesised that functional groups will differentially mod-
erate the direct effect of temperature and precipitation on 
local soil microclimate. Specifically, we hypothesised that 
1) bryophytes will play the largest role of the three func-
tional groups in regulating local soil temperature relative to 
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vascular plants because of their mat-like growth form which 
creates an insulating blanket on the soil (Gornall et al. 
2007, Aalto et al. 2013, Lett et al. 2021). We further 
hypothesised this effect to be strongest at cold alpine sites 
and sites with high rainfall because of their high water-hold-
ing capacity and ability to regulate their transpiration rate 
(Brodribb et al. 2020) strengthening their heat capacity. We 
further hypothesised 2) these differences in soil temperature 
to be largest on sunny days, where evaporative forces are 
strongest and incoming solar radiation highest. Similarly, 
we hypothesised that 3) all functional groups would retain 
soil moisture, and more so at higher biomass levels, since 
shading generally decreases evaporative moisture loss 
(Asbjornsen et al. 2011), with the strongest effect by bryo-
phytes because of their high water-holding capacity. Finally, 
we hypothesised that 4) increased functional group biomass 
would reduce soil freezing. Specifically, we expected bryo-
phytes would be most effective in reducing the number of 
freezing events by insulating the soil from frost because of 
their perennial persistence. We expected differences among 
functional groups only where there is little snow cover (i.e. 
low precipitation).

Material and methods

Study locations and removal experiment

The study area encompassed twelve grassland sites in south-
western Norway (Klanderud et al. 2015, Olsen et al. 2016, 
Althuizen et al. 2018, Vandvik et al. 2020, Fig. 1). To quantify 
both the independent and interactive effects of temperature 
and precipitation, sites were selected to form a climate grid 
combining three levels of summer temperature, i.e. the mean 
of the four warmest months June‒September, representing 
different biogeographic zones (alpine ≈ 6.5°C, sub-alpine 
≈ 8.5°C, boreal ≈ 10.5°C) with four levels of mean annual 
precipitation (1 ≈ 600 mm, 2 ≈ 1200 mm, 3 ≈ 2000 mm, 
4 ≈ 2700 mm). Sites were selected to be similar in aspect, 
slope, soil and bedrock type (see the Supporting information 
and Klanderud et al. 2015 for further details). At each site, 
we continuously measured air temperature at 2 m aboveg-
round with UTL-3 ver. 3.0 temperature loggers (GEOTEST 
AG) and solar radiation with a UVB SKU 430 sensor at 1 m 
aboveground at 10 min intervals.

At each site we set up four blocks containing eight 25 × 25 
cm plots in 2015 (Fig. 1). We removed the aboveground bio-
mass of graminoids, forbs and bryophytes with hand scissors 
and tweezers in a fully factorial removal experiment. For this 
study, we used all plots with removal of two functional groups 
at a time, leaving a single functional group present in each 
plot (Fig. 1b). The removals were done at the start and peak 
of the growing season in 2015 and 2016, the timing of which 
varied across the climate grid. In 2015, biomass removal only 
occurred once at all alpine and two intermediate sites due to 
unusually late snowmelt. Further methodological details are 
described in Vandvik et al. (2022).

Measurements of functional group cover, structure 
and biomass

Each year, plant functional group cover was estimated visu-
ally at peak growing season as the total percent cover of each 
separate functional group within the boundaries of the plot. 
Observations were made from a vertical position above the 
plot, using a 5 × 5 cm grid placed above the vegetation as 
a guide (one 5 × 5 cm box corresponds to 4% of the plot’s 
surface). Due to layering of the vegetation, the summed 
functional group cover may exceed 100%, although no single 
functional group can exceed 100%. The dominant species 
found for graminoids were Nardus stricta, Anthoxanthum 
odoratum and Agrostis capillaris; dominant forb species found 
were Potentilla erecta, Veronica officinalis and Alchemilla sp. 
Vascular plant height (mm) was measured as the mean of 
four point measurements of the vegetative height per plot. 
Similarly, bryophyte height (mm) was the mean of four mea-
surements from the soil surface. Vascular plant height and 

Figure 1. Study area, site selection, and experimental set-up, where 
(a) depicts the geographical and climatic location of the study area 
and the 12 study sites. The sites are distributed along independent 
climate gradients of summer temperature (mean of four warmest 
months, °C), and annual precipitation (mean annual precipitation, 
mm). (b) The removal treatments, which are replicated four times at 
each of the twelve sites, are described in all figures by the functional 
groups remaining. Note that ‘Intact’ refers to no removal.
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bryophyte height and cover have asymmetrical distributions 
along the climate gradients, being predominantly taller and 
covering a greater surface area under warmer growing condi-
tions (Supporting information). To estimate plant functional 
group biomass, four extra plots were established at each site 
in 2016, in which vegetation height and cover was recorded 
as described above before all above-ground biomass was har-
vested, sorted to functional groups, and dried at 65ºC for 72 
h before being weighed.

Measurements of soil microclimate

We measured soil temperature 3–5 cm below the soil sur-
face for each plot using iButton temperature sensors with a 
resolution of 0.0625°C at 2.4 h intervals from June 2015 to 
July 2016. These data can be summarised to reveal seasonal 
patterns in temperature (Fig 2a; note that soil temperature 
is stable and above freezing under snow in winter), number 
of soil frost days (Fig. 2b), and diurnal patterns in tempera-
ture (Fig 2c). In 2015 and 2016, we measured volumetric soil 
moisture 3–5 times during each growing season by taking the 
average of measurements at four places in each plot.

Data cleaning and preparation

Soil temperature was split into daytime and night-time 
temperatures. We limited daytime temperatures to those 
recorded between 10:00 and 18:00, when all our sites have 
the potential for direct sun exposure during the peak growing 
season (15 June–15 September). Temperatures at other times 
of the day (from 06:00 to 10:00) were discarded because 
topographical variation prevents direct sun exposure at some 
of the sites. Soil temperature data were cleaned by removing 
loggers that logged infrequently or inconsistently. We visu-
ally inspected the data and where loggers began malfunction-
ing during the year, data were removed from the point at 
which they deviated from the block norm (i.e. if the variation 
among loggers in the same block became substantial, such 
as large temperature spikes, or unrealistically high values (> 
30ºC)). Loggers that recorded temperature less frequently 
than their programmed 2.4 h intervals were also excluded.

To estimate sunniness we ran quantile regressions for 
UVB with a back spline for date (df = 10, tau = 0.95) for the 
uppermost 95% of the data for each hour of the day at each 
site. For each day and each site we calculated a sunniness pro-
portion, which was then weighted by the fitted line to give an 
estimate of cloudiness where 0 is complete cloud cover and 1 
is clear sky. We assigned ‘sunny’ status to the top third (0.66–
1.0, n = 3453) and ‘cloud’ status to the lowest third (0–0.33, 
n = 1283). Days with intermediary values (0.34–0.65) were 
discarded. Missing site-level UVB data were filled with data 
from a neighbouring site (Supporting information).

To calculate functional group biomass estimates for the 
remaining functional group in each plot, we ran zero-inter-
cept linear models for each functional group for the extra 
control plots, whereby functional group biomass varied 
as a function of its cover. Since bryophyte height was not 

measured in 2015, we used bryophyte height data from 
2017, averaged across blocks for each treatment and site. We 
extracted the coefficients for each model, and multiplied the 
cover of each functional group in the studied treatment plots 
by the biomass coefficient. See the Supporting information 
for further details on the regression models.

Data analyses

Only plots with a single functional group present (i.e. where 
the two other groups were removed) were used in the analy-
ses. We used linear mixed effects models (Gaussian error 
distribution family) to analyse the effect of functional group 
biomass on soil microclimate during peak growing season (15 
July 2015–15 September 2015). First, to gauge the impor-
tance of large-scale variation in climate across sites and local 
weather fluctuations on soil temperature (Fig. 2b), we ran 
linear models for the effect of temperature, precipitation, and 
sunniness on maximum daily soil temperature Tmax,

T S P Tmax site site~ + ´   (1)

where S is the degree of sunniness, and Psite is the scaled and 
centred 1970–2010 interpolated mean annual precipitation 
(100 ml year–1, hereafter precipitation) per site and Tsite is 
the scaled and centred 1970–2010 interpolated mean sum-
mer temperature (ºC, four warmest months, hereafter sum-
mer temperature) per site. We found sunniness and regional 
temperature to be the strongest drivers of soil temperature 
(Supporting information), which led us to split the following 
models into two – one for soil temperature on sunny days 
and one on cloudy days (Fig. 2c). Furthermore, due to a lack 
of significance of the interaction term Psite × Tsite and model 
overfitting we split each climate axis in the above sunniness 
scenarios, resulting in a total four separate models. Thus, the 
model for the response of maximum daily soil temperature 
Tmax to functional group biomass quantity biomass and sum-
mer temperature on sunny days is as follows:

T Tmax siteBiomass~ ´   (2)

where Tsite is mean site summer temperature. We used a nested 
random effect structure to account for variation among plots 
and among sites and to avoid pseudoreplication; thus plots 
nested within sites. A further model was run for Tmax, replac-
ing Tsite with Psite. Identical models were set up for cloudy 
days (Supporting information). Next, we set up linear mixed 
effects models to test the effect of functional group biomass 
and climate on soil moisture (SM) on all days (sunny and 
overcast), following the same model specifications as in Eq. 2 
but with SM as the response variable.

Finally, we ran zero-inflated mixed effects models (Poisson 
error distribution family) for the effect of functional group 
biomass quantity biomass and climate on the sum of frost 
days (FD) (Fig. 2b). The model employed the following 
structure:
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FD Biomass

Biomass

site

site

~ ´

= ~ ´

T

z Ti

  (3)

where Tsite is summer temperature per site, and with a nested 
random effects structure (plots nested within sites). The zero-
inflated model structure zi contained an interaction between 
summer temperature and precipitation, to account for the 
insulation of snow that appeared towards wetter and colder 
sites. We ran a further model for FD, replacing Tsite with Psite, 
precipitation. Model diagnostics were checked by examining 
the normality of the residuals, and via a residuals plot. All 
statistical analyses were performed in R ver. 4.2.0 (www.r-
project.org) and models fitted with the ‘lme4’ package for soil 
temperature and moisture (Bates et al. 2015) and the ‘glm-
mTMB’ package for soil freezing (Brooks et al. 2017), and 
illustrated with the ‘sjPlot’ package (Lüdecke 2023).

Results

Variation in maximum daily growing season soil temperature 
across sites is predominantly explained by regional climate, 
increasing by a mean of 0.97ºC on sunny days and 0.90ºC on 
overcast days with each 1ºC increase of mean summer tem-
perature along the temperature gradient (Fig. 3, Supporting 
information). Nevertheless, plant biomass explained further 
variation in soil temperature, but this effect is only appar-
ent on sunny days, and varied among functional groups and 
along bioclimatic gradients. Indeed, solar radiation proved to 
be the primary regulator of soil temperature, with large daily 
temperature amplitudes on sunny days but not on overcast 
days (Supporting information).

Soil temperatures are affected by functional group 
biomass

Bryophytes had the strongest effect on soil microclimate 
of the three functional groups, significantly reducing daily 
maximum soil temperatures on sunny days by 0.38ºC g–1 
biomass (significant biomass term, Fig. 3a, Supporting infor-
mation), and this effect varied significantly along the regional 
temperature gradient, with bryophyte biomass reducing soil 
temperature more strongly in alpine sites than at boreal and 
sub-alpine sites (significant biomass ⨯ temperature term, 
Fig. 3a, Supporting information), and at drier compared to 
wetter sites (significant biomass ⨯ precipitation term Fig. 4a, 
Supporting information). In contrast, graminoids and forbs 
had much weaker effects on soil maximum temperature 
than bryophytes overall, and these effects only became evi-
dent in relation to precipitation in the precipitation mod-
els (Supporting information). Graminoid biomass reduced 
daily soil temperature maxima increasingly towards drier 
sites (Fig. 4c, Supporting information); in contrast, forb bio-
mass marginally increased soil temperatures at drier sites but 
reduced soil temperatures at wetter sites (Fig. 4b, Supporting 
information). Soil temperature did not vary with biomass of 
any functional group on overcast days (Fig. 3).

Biomass reduces soil freezing and soil moisture

We found that while the number of soil frost days was strongly 
affected by regional temperature and precipitation, with sig-
nificant increases towards both colder conditions and drier 
conditions, plant functional group biomass also plays a signifi-
cant role (Fig. 5, Supporting information). In general, there 
were fewer soil freezing days in plots with greater bryophyte 
biomass at higher site temperatures (Fig. 5a). In contrast, 

Figure 2. Illustration of the effect of different plant functional groups on soil temperature at the sub-alpine sites (n = 4). (a) Seasonal trends 
in daily maximum soil temperature from July 2015 to July 2016, and (b) the cumulative frost day sum. (c) Average diurnal temperature 
fluctuation for August and September 2015 on sunny (solid lines) and cloudy (dashed lines) days. Colours indicate presence of plant func-
tional groups.
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forb biomass significantly increased the number of frost days 
at warmer temperatures, although the effect size is negligible 
(Fig. 5b). Graminoid biomass did not affect soil freezing along 
the temperature gradient. Along the precipitation gradient, 
soil freezing was unaffected by plant biomass except for forbs 
(whose effect was negligible, see Supporting information).

Soil moisture varied significantly as an effect of graminoid 
biomass along the precipitation gradient (significant biomass 
⨯ precipitation, Fig. 6c). Increased graminoid biomass sig-
nificantly increased soil moisture at high precipitation sites, 
but reduced soil moisture in drier sites (Fig. 6). Neither bryo-
phyte nor forb biomass affected soil moisture (Fig. 6a–b).

Figure 3. Effect of plant functional group biomass and site temperature on daily maximum growing season soil temperature in alpine 
(6.5ºC), sub-alpine (8.5ºC), and boreal (10.5ºC) grasslands on sunny (upper panels) and cloudy days (lower panels) for (a) bryophytes 
(blue), (b) forbs (yellow) and (c) graminoids (green). Ribbons on the upper panels show the 95% confidence interval around the predicted 
lines, and points represent the mean maximum temperature for each plot. Colour intensity of the prediction lines represents alpine (lighter), 
sub-alpine, and boreal (darker) climates. Note the range of biomass differs for each functional group, from 0–20 g m–2 for bryophytes, to 
0–250 g m–2 for graminoids. Standardised forest plots of effect sizes or estimates (doubled SD) are illustrated below the prediction figures, 
where variables that deviate left of the solid grey line demonstrate a reduction in soil temperature with the corresponding variable, and 
variables that deviate right of the line demonstrate an increase in soil temperature. Significant variables are shown as *** = p < 0.001, ** = p 
< 0.01, and * = p < 0.05. 
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Discussion

Our study demonstrates the importance of vegetation, in 
particular bryophytes, in moderating the strong effect of 
solar radiation and ambient summer air temperature on 
soil microclimate (in line with Isard 1986, Wundram et al. 
2010, Scherrer and Körner 2011). During the growing 

season, high bryophyte biomass was linked to significantly 
cooler soils, especially at alpine sites and in drier regions, 
while increased forb or graminoid biomass had similar but 
much weaker effects, which largely materialised as vari-
able responses along the precipitation gradient. Increased 
bryophyte biomass is further associated with a reduced 
occurrence of soil freezing events during the winter season 

Figure 4. Effect of plant functional group biomass and annual site precipitation on daily maximum growing season soil temperature in dry 
(600 ml year–1), semi-dry (1200 ml year–1), semi-wet (2000 ml year–1), and wet (2700 ml year–1) grasslands on sunny (upper panels) and 
cloudy days (lower panels) for (a) bryophytes (blue), (b) forbs (yellow), and (c) graminoids (green). Ribbons on the upper panels show the 
95% confidence interval around the predicted lines, and points represent the mean maximum temperature for each plot. Colour intensity 
of the prediction lines represents dry (lighter), semi-dry, semi-wet, and wet (darker) climates. Note the range of biomass differs for each 
functional group, from 0–20 g m–2 for bryophytes, to 0–250 g m–2 for graminoids. Standardised forest plots of effect sizes or estimates 
(doubled SD) are illustrated below the prediction figures, where variables that deviate left of the solid grey line demonstrate a reduction in 
soil temperature with the corresponding variable, and variables that deviate right of the line demonstrate an increase in soil temperature. 
Significant variables are shown as *** = p < 0.001, ** = p < 0.01 and * = p < 0.05. 
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in warmer regions, unlike forb and graminoid biomass. 
In contrast to our expectations, soil moisture variation 
was affected only by graminoid biomass, with soils drying 
more under graminoids at drier sites. Our results highlight 
that the effect of plant functional groups on the direction 
and magnitude of soil temperature and moisture media-
tion along the climate gradients varies among groups. 
Consequently, climate change-induced shifts in functional 
group abundances could have significant consequences for 
soil microclimate, and subsequently ecosystem functioning, 
in alpine grasslands.

Bryophytes regulate soil temperature

Bryophyte biomass was an important predictor of summer 
soil temperatures, reducing soil temperatures more than forbs 
and graminoids (Fig. 3). We found that increased bryophyte 
biomass is progressively more effective at dampening soil 
temperature fluctuations towards alpine conditions, which 
supports previous findings that bryophyte mats have an 
insulating effect for alpine soils (Gornall et al. 2007,  2011, 
Soudzilovskaia et al. 2013). Such a disproportionate effect of 
bryophytes compared to forbs and graminoids, both overall 

Figure 5. Effect of plant functional group biomass and site temperature on accumulated soil freezing days in alpine (6.5ºC), sub-alpine 
(8.5ºC), and boreal (10.5ºC) grasslands for (a) bryophytes (blue), (b) forbs (yellow), and (c) graminoids (green). Ribbons on the upper panels 
show the 95% confidence interval around the predicted lines, and points represent the mean maximum temperature for each plot. Colour 
intensity of the prediction lines represents alpine (lighter), sub-alpine, and boreal (darker) climates. Note the range of biomass differs for each 
functional group, from 0–20 g m–2 for bryophytes, to 0–250 g m–2 for graminoids. Standardised forest plots of effect sizes or estimates 
(doubled SD) of the conditional and zero-inflated components are illustrated below the prediction figures, where variables that deviate left of 
the solid grey line demonstrate a reduction in soil freezing days with the corresponding variable, and variables that deviate right of the line 
demonstrate an increase in soil freezing days. Significant variables are shown as *** = p < 0.001, ** = p < 0.01 and * = p < 0.05.
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Page 9 of 14

and along the temperature gradient, may be explained by 
their high water-holding capacity and thus large heat capacity.

Forb and graminoid biomass had much weaker effects on 
soil temperature. Indeed, along both the temperature and pre-
cipitation gradients, the effect of forb and graminoid abun-
dance is much smaller than that of bryophytes. This could 
be explained by the difference in canopy structure between 
the three functional groups, since canopy structure has been 
found to be important for regulating both canopy and soil 
temperature, whereby soils under canopies that are charac-
terised by erecto-linear leaves are generally warmer (Fliervoet 
and Werger 1984, although note that in their study, intact 
communities were studied). Bryophytes are characterised 
by a low and dense canopy, whereas the graminoid sward is 
relatively erect-linear and also more open. Nevertheless, the 
variation in canopy openness of bryophytes along the tem-
perature gradient, with denser-canopy forming species found 

in alpine terrain may explain the increased cooling effect of 
bryophytes in alpine sites (see the Supporting information 
for the most dominant species). This suggests that different 
functional characteristics of the vegetation are important 
for determining physical soil microclimate, at least in alpine 
regions. The differences in canopy structure could therefore 
be an explanation for the observed differences among func-
tional groups in soil temperature regulation. The cooling 
effect of bryophytes on alpine soils may have indirect conse-
quences for ecosystem functioning, such as summer perma-
frost thaw. A meta-analysis of vegetation change in the tundra 
biome suggested that increased vegetation height (including 
bryophytes and graminoids) resulted in reduced summer per-
mafrost thaw (Heijmans et al. 2022). Such effects could be 
extended to other ecosystem processes such as soil decom-
position rates, which are generally slower in cold conditions 
(Heijmans et al. 2022).

Figure 6. Effect of plant functional group biomass and annual site precipitation on growing season soil moisture in dry (600 ml year–1), 
semi-dry (1200 ml year–1), semi-wet (2000 ml year–1), and wet (2700 ml year–1) grasslands for (a) bryophytes (blue), (b) forbs (yellow), and 
(c) graminoids (green). Ribbons on the upper panels show the 95% confidence interval around the predicted lines, and points represent the 
mean maximum temperature for each plot. Colour intensity of the prediction lines represents dry (lighter), semi-dry, semi-wet, and wet 
(darker) climates. Note the range of biomass differs for each functional group, from 0–20 g m–2 for bryophytes, to 0–250 g m–2 for grami-
noids. Standardised forest plots of effect sizes or estimates (doubled SD) are illustrated below the prediction figures, where variables that 
deviate left of the solid grey line demonstrate a reduction in soil moisture with the corresponding variable, and variables that deviate right 
of the line demonstrate an increase in soil moisture. Significant variables are shown as *** = p < 0.001, ** = p < 0.01 and * = p < 0.05. 
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Bryophyte biomass protects soils from freezing 
events

We found that bryophyte abundance limits the number of 
soil-freezing days in winter at boreal and sub-alpine regions, 
while graminoids and forbs are less capable of doing so (Fig. 5). 
This is in line with previous findings that bryophytes reduce 
the number of freeze–thaw events in subarctic ecosystems 
(Soudzilovskaia et al. 2013). Freeze–thaw frequency affects the 
composition of microbial communities in soil, which can alter 
carbon and nitrogen release (Yergeau and Kowalchuk 2008, 
Vestgarden and Austnes 2009, Haei et al. 2011). In this way, 
the presence of bryophytes can significantly influence carbon 
and nutrient turnover (Soudzilovskaia et al. 2013). Our find-
ing that bryophytes reduce soil freezing suggests that their 
dampening effect on soil temperature may be negated by their 
extension of decomposition processes into colder seasons, with 
potentially substantial consequences for carbon sequestration 
in alpine grasslands (Bjerke et al. 2015). Microbial effects 
may also be at play under bryophyte mats, thus regulating 
microclimate and decomposition rates through their associ-
ated microbial communities, with knock-on consequences for 
carbon sequestration and release (Ward et al. 2015).

Carbon release from alpine soils under warming might 
therefore be exacerbated under climate warming, since the 
effect of bryophytes on soil temperature regulation is stron-
gest under colder conditions. Nevertheless, the effect that 
plant functional group biomass has on soil freezing is small 
in comparison to the large-scale climate gradient effects. This 
may be due to variation in interannual winter conditions 
and snow cover and thickness extent. Non-woody functional 
groups may have a smaller effect than other plant functional 
groups such as shrubs or dwarf shrubs, since these freezing 
days occur during the shoulder periods of winter, where the 
non-woody biomass is least. This may be the case for forbs 
and most graminoids, which die back towards the onset of 
winter, but biomass persistence of bryophytes could explain 
why the number of frost days is lower where bryophyte bio-
mass is higher. Some graminoids (e.g. Poa alpina) also retain 
some biomass across years, but the abundance of these spe-
cies, and the amount of biomass that this amounts to, may 
only have extremely local effects.

At cold sites and at dry sites, the number of frost days was 
elevated despite the presence of plant biomass, and higher 
under bryophytes than other functional groups (Fig. 5, 
Supporting information). Such sites are prone to snow-free 
periods during the winter, and our results suggest that low-
stature functional groups are unable to moderate soil freez-
ing events under these conditions, with greater potential for 
freeze–thaw events (Bokhorst et al. 2010). This could be an 
indication, however, of the role that bryophytes have on main-
taining soil freezing, and thus on the persistence of permafrost.

Evapotranspiration effects by graminoids

We found that little to no variation in soil moisture was 
explained by forb and bryophyte biomass. This is contrary 

to previous findings of a mediative effect by bryophyte pres-
ence on soil moisture in alpine and tundra soils, whereby 
a decrease in bryophyte cover resulted not only in greater 
soil heating but also increased evaporative rates (Blok et al. 
2011, Bueno et al. 2016, von Oppen et al. 2022). Such dis-
parities might be explained by differences in the precipita-
tion space covered in these studies, where the mean annual 
precipitation falls as low as 205 mm year–1. In our high- 
precipitation study region, where annual precipitation 
ranges from 600 to over 3000 mm year–1, any effect of veg-
etation on soil moisture via transpiration or evaporation 
might be negligible compared to the effect of mean annual 
precipitation (Fig. 6, Supporting information). One would 
expect that effects of vegetation on soil moisture depend 
on the ratios of supply to demand, and evaporation ver-
sus transpiration, which vary widely among ecosystems 
(Ehrenfeld et al. 2005).

However, our findings suggest that at the drier sites, 
graminoid biomass is associated with soil drying. Another 
removal experiment has also demonstrated that soil moisture 
was higher in plots with forbs and graminoids removed com-
pared to intact controls (McLaren and Turkington 2010). 
This could be indicative of an increased evapotranspirative 
effect of graminoids. Graminoids are characterised by their 
fast, opportunistic functional traits and high evapotranspira-
tion rates (Díaz et al. 2016), which would explain why grami-
noids and not forbs exhibit this drying effect. In places where 
soil moisture reaches saturation, any drying effect of biomass 
is lost (Fig. 6).

Nevertheless, our soil moisture findings should be inter-
preted with caution, since our data are limited (point mea-
surements only) and the functional group effects small and 
variable. Continuous soil moisture data may have revealed a 
more accurate picture of the underlying mechanisms deter-
mining soil moisture. The discrepancy among the studies 
mentioned above, and our own findings, indicates that soil 
moisture might act at a different scale to that which is mea-
sured at our plot scale, being either even more localised and 
heterogeneous, or acting at the much larger catchment scale. 
In both scenarios, more measurements and a better estima-
tion of catchment size might give better estimations of the 
true role that vegetation plays in mediating soil moisture, 
although this would be complicated experimentally. A third 
alternative is that water stress may act by thresholds rather 
than as a continuum, which implies that further investiga-
tion across larger precipitation and soil moisture gradients 
should be conducted. As suggested by Wundram et al. (2010) 
and Legates et al. (2011), the interaction of soil temperature 
with soil moisture may not be linear, soil temperatures being 
reduced where soils are wet as a result of their heat capacity.

Implications under climate change and ecosystem 
functioning

The functional properties of vegetation appear to be key in 
determining multiple aspects of soil microclimate. For exam-
ple, canopy structure (density and height) could explain the 
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strong effects of bryophytes on soil temperature; vegetation 
persistence and deciduousness may be important in reduc-
ing soil freezing events before snow cover; and, finally, leaf 
area and sward openness may determine soil moisture. Thus, 
functional traits may be important indirectly for ecosystem 
processes such as decomposition (Scherer-Lorenzen 2008). 
The complementary effect of different functional groups on 
varying aspects of soil microclimate may interplay to result 
in an overall cooling effect of vegetation, as suggested by von 
Oppen et al. (2022).

Alpine areas in Europe are rapidly increasing in vascu-
lar plant diversity, height and cover (Bjorkman et al. 2018, 
Steinbauer et al. 2018, Rumpf et al. 2022), mirrored by sim-
ilar declines in bryophyte cover and richness (Alatalo et al. 
2020). Bryophyte cover and abundance vary in response 
to climate warming (Elmendorf et al. 2012, Alatalo et al. 
2016, Vanneste et al. 2017) and they have been shown to 
have locally varying insulating properties both in permafrost 
regions (Blok et al. 2011, Porada et al. 2016) and in tundra 
and alpine vegetation (Soudzilovskaia et al. 2013, Lett et al. 
2017). Our findings demonstrate that bryophytes, and not 
low-stature forbs and graminoids, are most important for 
regulating soil microclimate in alpine grasslands. We advo-
cate that direct and indirect effects of climate change on 
bryophyte abundance, especially in alpine areas, could have 
substantial effects on soil microclimate, and therefore eco-
system functioning and feedbacks such as lowland species’ 
colonisation of alpine communities (Vandvik et al. 2020). 
This supports previous findings of functional group-regu-
lated and soil temperature-dependent ecosystem respiration 
(Cahoon et al. 2012).

Our findings also suggest that the predictions of increased 
precipitation in southern Norway (Hanssen-Bauer et al. 
2017), and thus increased cloud cover and reduced direct solar 
radiation, may lead to more homogeneous soil microclimates.

Conclusions

We show that functional group abundance can have impor-
tant impacts on soil microclimate, and this could have 
important implications for ecosystem processes under cli-
mate change. We argue that bryophytes have a dispropor-
tionate effect on soil microclimate, reducing soil temperature 
on sunny days and causing an overall homogenisation of 
soil microclimate throughout the growing season in alpine 
environments. Because of these strong effects, a shift in bryo-
phyte abundance and functional composition with climate 
change will have significant local effects on soil microclimate 
and biogeochemical processes. Our study implies that veg-
etation–soil–atmosphere feedbacks may strengthen under 
climate change, emphasising the importance of taking effects 
of the functional composition of vegetation on microclimate 
into consideration when assessing climate change effects on 
ecosystem functioning. This demonstrates that more detailed 
information of plant functioning will improve predictions of 
ecosystem functioning.
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