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e
Department of Environment and Geography, University of York, YO10 5DD, York, United Kingdom
f
Department of Forest Ecology and Management, Swedish University of Agricultural Sciences, 901 83, Umeå, Sweden
g
Ecology and Genetics Research Unit, University of Oulu, 90014, Oulu, Finland
h
Arctic Centre, University of Lapland, 96101, Rovaniemi, Finland
i
Department of Environmental Systems Science, ETH Zürich, 8092, Zürich, Switzerland
j
Institute of Biology, University of Neuchâtel, 2000, Neuchâtel, Switzerland
k
Asian School of the Environment, Nanyang Technological University, 639798, Singapore
b
c

A R T I C L E I N F O

A B S T R A C T

Keywords:
Elevation gradient
Primary productivity
Above- and belowground interactions
C:N stoichiometry
Microbial physiology
Carbon use efficiency

Tundra ecosystems hold large stocks of soil organic matter (SOM), likely due to low temperatures limiting rates
of microbial SOM decomposition more than those of SOM accumulation from plant primary productivity and
microbial necromass inputs. Here we test the hypotheses that distinct tundra vegetation types and their carbon
supply to characteristic rhizosphere microbes determine SOM cycling independent of temperature. In the sub
arctic Scandes, we used a three-way factorial design with paired heath and meadow vegetation at each of two
elevations, and with each combination of vegetation type and elevation subjected during one growing season to
either ambient light (i.e., ambient plant productivity), or 95% shading (i.e., reduced plant productivity). We
assessed potential above- and belowground ecosystem linkages by uni- and multivariate analyses of variance, and
structural equation modelling. We observed direct coupling between tundra vegetation type and microbial
community composition and function, which underpinned the ecosystem’s potential for SOM storage. Greater
primary productivity at low elevation and ambient light supported higher microbial biomass and nitrogen
immobilisation, with lower microbial mass-specific enzymatic activity and SOM humification. Congruently,
larger SOM at lower elevation and in heath sustained fungal-dominated microbial communities, which were less
substrate-limited, and invested less into enzymatic SOM mineralisation, owing to a greater carbon-use efficiency
(CUE). Our results highlight the importance of tundra plant community characteristics (i.e., productivity and
vegetation type), via their effects on soil microbial community size, structure and physiology, as essential drivers
of SOM turnover. The here documented concerted patterns in above- and belowground ecosystem functioning is
strongly supportive of using plant community characteristics as surrogates for assessing tundra carbon storage
potential and its evolution under climate and vegetation changes.

1. Introduction
Tundra ecosystems are characterised by low-stature slow-growing
vegetation, shaped by the prevailing harsh environmental conditions.

Their soils are primarily composed of labile, poorly protected organic
matter residues, which steadily accumulate over time as cold tempera
tures limit ecosystem decomposition rates more than primary produc
tivity (Hagedorn et al., 2010; Hobbie et al., 2000). Due to the slow
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decomposition rates, plant-available nutrients remain locked away
within the soil organic matter (SOM), rendering tundra ecosystem
highly nitrogen (N) limited (Hagedorn et al., 2019; Templer et al.,
2012). Yet, vascular plants exhibit a range of life strategies to cope with
such resource limitations (Bergmann et al., 2020), investing photosyn
thate into exploitative SOM-degradation pathways via mutualisms
(Frey, 2019; Zak et al., 2019), direct exudation of enzymes and organic
acids (Gunina and Kuzyakov, 2015; Keiluweit et al., 2015), and by
stimulatory effects on rhizosphere microbes (Fontaine et al., 2007).
Indeed, contrasting tundra vegetation types (i.e., vascular or nonvas
cular, woody or herbaceous, deciduous or evergreen) exhibit concrete
functional characteristics, which to a large extent determine their po
tential for nutrient acquisition, productivity, and decomposability
(Dorrepaal, 2007; Wookey et al., 2009). It is thus likely that they further
control ecosystem functioning in terms of carbon sequestration and re
sponses to climate change and could thus be used as proxies to assess
those. In reality, however, the complexity of above- and belowground
interactions involved therein has obscured the extent to which tundra
vegetation type classification (e.g., Walker et al., 2005) can be scaled to
the ecosystem level, due to underlying differences in environmental
conditions or lack of detailed mechanistic understanding of linkages
between ecosystem components.
Tundra plant community types occupy characteristic (a)biotic envi
ronments, where the supply of and demand for C and N resources in the
rhizosphere results in the formation of SOM (Hagedorn et al., 2019). In
general, herbaceous communities typically associate with a
bacteria-dominated rhizobiome, which promotes rapid SOM turnover
and high nutrient availability, while heath communities associate with a
fungi-dominated rhizobiome, which favours a slow SOM cycling and low
nutrient availability (Bardgett et al., 2005; Crowther et al., 2019; Wardle
et al., 2004). Essentially, the characteristically high biomass C:N ratio
(Strickland and Rousk, 2010) and high carbon use efficiency (CUE)
(Sinsabaugh et al., 2016) of fungal-dominated communities makes these
systems more conservative in their resource use. Furthermore, in
contrast to meadow vegetation, taller and denser mats of heath vege
tation can also cool the soil microclimate (Myers-Smith and Hik, 2013),
reduce the decomposability of aboveground litter inputs (Cornelissen
et al., 2007) and thereby further stimulate the accumulation of partic
ulate SOM (Saenger et al., 2015; Väisänen et al., 2015; Vancampenhout
et al., 2009). Together, these factors are likely to contribute to a higher
inertia of heath than meadow tundra ecosystems to climate change.
Higher temperatures can elicit numerous direct and indirect re
sponses in the tundra plant and soil microbial communities that regulate
ecosystem C and N dynamics. On the one hand, a warmer climate
stimulates tundra above- (Bjorkman et al., 2018; Väisänen et al., 2014;
Yu et al., 2017) and belowground (Blume-Werry et al., 2018; Solly et al.,
2017; Wang et al., 2016) plant productivity and thus increases
ecosystem C inputs, provided that N availability is not limiting. This
higher supply of fresh C belowground could support a larger microbial
biomass and greater turnover rates, thus increasing the incorporation of
microbial necromass, which represents a major source of stable soil C
(Clemmensen et al., 2013, 2021; Liang et al., 2017). On the other hand,
warmer climate also stimulates soil microbial physiology (Walker et al.,
2018; Xue et al., 2016) and thereby the mineralisation of the large SOM
stocks, potentially increasing N availability (Karhu et al., 2014; Mack
et al., 2004). The microbial synthesis of costly extracellular enzymes,
which degrade SOM, can further be stimulated through enhanced plant
productivity and the exudation of labile photosynthates in the rhizo
sphere of certain, albeit not tundra, woody vegetation (Clemmensen
et al., 2021; Hartley et al., 2012; Parker et al., 2015). It remains thus
questionable whether primary productivity of functionally different
tundra vegetation types consistently enhances nutrient availability in
the rhizosphere, through accelerated mineralisation of tundra soil
organic stocks, and to what extent temperature modulates this process.
Aiming to bridge this knowledge gap, here we installed an experi
ment along an elevation gradient on Mt Suorooaivi in subarctic Sweden

(Sundqvist et al., 2011) to explore how the effects of belowground plant
photosynthetic input on mountain tundra C and N cycling vary with
elevation within two dominant tundra vegetation types. We focused on
two elevations above the treeline as proxies for long-term ecosystem
adaptations to different climate regimes (Elmendorf et al., 2015; Körner,
2007). At both elevations, heath and meadow communities grow in
mosaic patterns and thus allow direct comparisons, independent of
environmental conditions (Fig. 1a–b). Within each elevation × vegeta
tion combination, we established a shading treatment during one
growing season (Fig. 1c), in order to temporarily limit plant productivity
and thus the seasonal input of C belowground, in comparison to ambient
conditions (Bahn et al., 2013; Kuzyakov, 2006; Möhl et al., 2019; Rinnan
et al., 2007).
In this study system we sought to test three hypotheses. First, we
hypothesised that, in comparison to meadow vegetation, heath vegeta
tion would have a more fungal-dominated community, with higher
stoichiometric plasticity and higher CUE, and that these associate with
lower SOM turnover rates (e.g., substrate uptake and respiration,
extracellular enzymatic activity, ecosystem respiration). This difference
between vegetation types would be independent of elevation (i.e., the
long-term difference in climate regimes). Second, we hypothesised that,
due to warmer temperatures, both vegetation types at the low elevation
site would have higher rates of plant and microbial physiological pro
cesses, as well as C and N biogeochemical cycles that associate with
more bacteria-dominated communities. This effect is expected to be
stronger at the meadow than at the heath, due to higher vegetation
buffering of microclimate under heath systems. Third, we hypothesised
that the photosynthate supply belowground would represent a major C
and energy source for tundra microbial communities and thus determine
their biomass, growth and turnover, and, ultimately, the ecosystem
potential for C sequestration. We expected that, due to this pivotal plant
role, these effects would be independent of elevation and vegetation
type. In assessing these three hypotheses in combination, we contribute
to a comprehensive understanding of the interlinked above- and
belowground mechanisms for C cycling in tundra ecosystems.
2. Materials and methods
2.1. Experimental design and plant productivity manipulation
The study was conducted during the 2016 plant growing season (11
July – 26 September) on the north-east slope of Mt Suorooaivi (Fig. 1a)
in the Swedish subarctic (68◦ 17′ 01.4′′ N 19◦ 06′ 51.1′′ E). Growing season
records during 2002–2011 for temperature and precipitation in the area
(Abisko Scientific Research Station, 380 m asl) are 10.9 ◦ C and 138 mm,
respectively (Callaghan et al., 2013). The local treeline occurs at
500–600 m asl and is formed of mountain birch Betula pubescens ssp.
czerepanovii, with vegetation above the treeline comprising a mosaic of
vegetation types, including heath and meadow communities. The heath
community is dominated by the ericaceous dwarf shrubs Empetrum
nigrum, Vaccinium uliginosum, V. vitis-idaea, as well as dwarf birch, Betula
nana. The meadow community is dominated by the graminoids
Deschampsia flexuosa and Anthoxanthum alpinum, Carex bigelowii and the
forbs Saussurea alpina, Viola biflora and Solidago virgaurea.
We selected 24 homogeneous patches of heath and meadow com
munities at two elevations (700 and 900 m asl) above the treeline and
within a three km distance from each other (n = 6, Fig. 1a–b) in order to
compare ecosystem functioning at two different temperature regimes.
The proximity of the two sites ensured that besides the typical temper
ature lapse rate with elevation, the effect of other climatic factors was
minimised. This corresponds to a mean growing season temperature
shift of 1.5 K and no change in precipitation sums for our two elevations
sites (Sundqvist et al., 2011; Veen et al., 2015). At each elevation,
patches within the same vegetation type were spaced at a 5–10 m dis
tance from each other, and those between vegetation types – at
approximately 100 m. Owing to the high small-scale spatial
2
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Fig. 1. Experimental setup showing (a) a map of the two elevations sites lying at a three km distance along the gentle (4–10◦ ) north-east facing slope of Mt
Suorooaivi and (b) a diagram of the target vegetation types found within 100 m distance from each other at both elevations above the natural treeline. Within each
elevation and vegetation type (n = 6), we used shading tents (c) to reduce incoming solar radiation during the growing season (11 July – 26 September 2016) by 95%
compared to adjacent paired control plots lying within 1 m away (white marking sticks) in order to discern the effects of plant productivity on microbial physiology
and ecosystem C and N cycling.

heterogeneity in these communities (Björk et al., 2007), this distance is
sufficient to ensure adequate independence among the patches
(Sundqvist et al., 2012). Within each vegetation-elevation patch, we
created two paired 0.5 × 0.5 m plots, within 1 m distance from each
other. Adjacent plots in a pair were randomly assigned to either ambient
or shaded light conditions (Fig. 1c). The latter was achieved using 1 × 1
× 0.5 m (L × W × H) tents made of UV-resistant mesh, which intercepts
incident light, yet should not affect precipitation (Gavazov et al., 2014,
see Fig. S3). The ambient vs. shaded treatment allowed us to quantify the
direct effects of seasonal plant productivity (Schmitt et al., 2013; Warren
et al., 2012) and root exudation (Hill et al., 2007; Zagal, 1994) on soil
microbial physiology and C and N cycling, independently from elevation
and vegetation type and without interfering with the vegetation struc
ture or biomass (Table 2). To limit the influx of belowground inputs from
the surrounding vegetation, all plots were delimited at the border by
trenching roots and hyphae down to the bedrock (about 20 cm depth)
with a serrated knife. We logged hourly soil temperature at 10 cm depth
in three replicate pairs of ambient and shaded plots within each vege
tation type and elevation using Tinytag thermocouples (Inlab, Sweden).
In one of these pairs, air temperature and incident light was also
measured hourly using Pendant HOBO loggers (Onset, USA) installed at
10 cm height above the vegetation canopy and, for the shaded treat
ment, underneath the shading mesh (Fig. S1).
We validated the efficiency of the shading tents in reducing plant
productivity and the likely supply of photosynthates belowground by
using measurements of potential atmospheric CO2 exchange (Fig. S2).
Measurements were taken in the centre of all plots during peak biomass
on 4 August 2016 in optimal sunlight or within the shading tents (09:30
to 16:00) using a portable EGM4 infrared gas analyser (PP Systems,
USA) equipped with a CPY-4 transparent canopy chamber (2.5 l vol
ume). We created an airtight seal within the chamber by attaching it to a
custom-made PVC collar (15 cm diameter, 5 cm height) with a plastic
skirt pressed tight onto the surrounding vegetation. Following net
ecosystem CO2 exchange (NEE) measurements in each plot, the trans
parent chamber was flushed with ambient air, then replaced on the
collar and covered with an opaque lid for measuring ecosystem respi
ration (ER). Each measurement lasted 1 min in order to avoid the build-

up of heat and condensation inside the chamber. We calculated CO2
fluxes as a linear change in CO2 concentration (ppm) over the mea
surement period, taking into account ambient atmospheric pressure and
gas temperature. Gross ecosystem productivity (GEP) was calculated as
the difference between ER and NEE. These measurements showed that
shading reduced the amount of incident light arriving at the vegetation
canopy by approximately 95% (Figs. S1a–b), and GEP by 94% (GEP not
significantly greater than zero at P = 0.220; Fig. S2a).
2.2. Plant and soil sampling
At the end of the experiment, plant aboveground biomass from a
central 20 × 20 cm square in each plot was clipped at the soil surface and
dried at 60 ◦ C until constant weight was achieved (approximately 2
days). Within these bare patches, two to three soil cores were taken with
a serrated steel corer (4.5 cm diameter, 10 cm depth) and homogenised
to account for fine scale belowground heterogeneity (Baldrian, 2014).
Subsamples were used to determine gravimetric water content by drying
at 105 ◦ C (Fig. S3) and maximum water holding capacity by saturation
through capillary water rise. The remaining soils were adjusted with
MilliQ to 60% of their water holding capacity and kept at 10 ◦ C (i.e.,
average peak growing season temperature across all treatments) until
further standardized microbial analyses (see section 2.4). Soil organic C
and N concentrations were measured on ground dry soil with an
elemental analyser (Carlo Erba 1110, CE Instruments).
2.3. Soil solution analyses
Soil N availability was determined using commercial resin bags
(Unibest, USA) placed at the centre of each plot within the main rooting
zone at 5 cm soil depth for the duration of the entire growing season (11
July – 26 September 2016). Upon collection, ammonium and nitrate
were extracted from the resin bags (30 ml 1M KCl, 2 h) and analysed on a
FIAstar 5000 (FOSS, Sweden). Weakly bound dissolved organic matter
(DOM) in soil solution was obtained by percolating 40 ml MilliQ through
a column containing a 10 g fresh weight soil subsample and allowing it
to drain by gravity. The solution was then passed through 0.45 μm glass
3
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microfiber filter to remove suspended microbial cells and analysed for
dissolved organic C (DOC) and dissolved total N (DTN) on a TOC-VCPH
equipped with a TNM-1 unit (Shimadzu). The extent of DOM decom
position, i.e. the humification index (HIX), was determined spectro
photometrically (Spectramax M3 Molecular Devices) as the ratio of
fluorescence resulting from UV excitation at 254 nm and emission at
435–480 nm divided by the sum of emission at 300–345 nm and
435–480 nm (Ohno, 2002).

end of the incubation period and used to derive carbon use efficiency
(CUE) as the ratio of microbial growth versus the sum of microbial
growth and respiration (Walker et al., 2018). Microbial biomass C and N
concentrations were determined by the difference between paired
chloroform fumigated and non-fumigated sample aliquots extracted
with 1M KCl on a TOC-VCPH/CPNTNM-1 analyser, using 0.45 and 0.54
conversion factors for their respective extraction efficiencies. Microbial
biomass C was further used to standardise all measures of microbial
activity per unit biomass as mass-specific rates.
Extracellular enzymes (EE) were extracted within a day from sam
pling from 3 g fresh soil in a 50 ml extraction solution (0.1 M CaCl2,
0.05% Tween 80, 20 g polyvinylpolypyrrolidone). The supernatant
(centrifuged 10 min, 10 000 g, 4 ◦ C) was filtered (1.2 μm glass micro
fiber) and concentrated in dialysis tubes (10–12 kDa molecular mass cutoff, Medicell Membranes Ltd) overnight at 4 ◦ C covered with poly
ethylene glycol (Criquet et al., 1999; Jassey et al., 2012). Concentrated
EE were re-suspended in 10 ml of phosphate buffer (1/5 of the initial
volume) and split into two aliquots – one intact (5 ml) and one (5 ml)
quenched control (3 h, 90 ◦ C) to correct for background optical in
terferences. The potential overall hydrolytic enzyme activity was
determined by a fluorescein diacetate (FDA) assay and the potential
decomposition of cellulose by a β-glucosidase (BG) assay. Potential
enzymatic oxidation of lignin and other aromatic compounds was
determined by phenoloxidase (PO) and peroxidase (PER) assays. For
hydrolytic activities, 38 μl aliquots of intact and quenched EE extracts
were mixed with 250 μl of fluorogenic substrate [200 μM, fluorescein
diacetate for FDA and 4-methylumbelliferyl (MUF)-β-D-glucopyranoside
for BG] and incubated in microplates (3 h, 25 ◦ C, in dark). Fluorescence
was detected on a spectrophotometer (Spectramax M3 Molecular De
vices) with excitation – emission wavelengths set at 490 nm–523 nm for
FDA and 365 nm–450 nm for BG, and their respective activities were
quantified against fluorescein and MUF standard curves. For oxidative
activities, 150 μl aliquots of intact and quenched EE extract were mixed
with 2 μl chromogenic substrate diaminofluorene (DAF, 0.68 mM). For
PER, 10 μl 0.3% H2O2 were added to the reaction. Absorbance at 600 nm
was measured immediately on a spectrophotometer and the kinetics
were followed for 1h until saturation. All oxidative EE activities were
quantified with a DAF emission coefficient 10228 M− 1 cm− 1.

2.4. Soil microbial analyses
The affinity of soil microbes to take up and mineralise plant-derived
organic substrates was quantified using a spike of uniformly-labelled 99
atom% 13C glucose (Sigma-Aldrich) as a tracer. Paired 20 g fresh soil
subsamples from each plot were enclosed in 300 ml glass vials with
rubber septa, flushed with CO2-free synthetic air and incubated at 10 ◦ C
for 24 h with 1 ml of either 150 μg C g− 1 dry soil 13C glucose solution
(<10% of microbial biomass C), or with 1 ml of MilliQ water. Concen
trations and stable isotopic signatures of CO2 were determined on 20 ml
headspace samples injected into an isotopic CO2 spectrometer, equipped
with a small sample isotope module (Picarro G2131-i, USA). Following
corrections for gas temperature and pressure, substrate-induced respi
ration was calculated as the excess 13C–CO2 of enriched samples relative
to corresponding natural abundance samples.
At the end of the 24 h incubation, soils were freeze-dried for phos
pholipid fatty acids (PLFA) analysis. Lipids were extracted from
lyophilised soil subsamples with a solution of chloroform, methanol and
phosphate buffer (1:2:0.8 vol), and then separated into neutral, glyco-,
and phospholipids on silica solid phase extraction cartridges (Supelco,
Merck, Darmstadt, Germany). The phospholipids were subsequently
trans-esterified into fatty acid methyl esters using methanolic KOH.
PLFA biomarkers and their respective δ13C signatures were quantified
on a Trace GC Ultra connected by a GC-IsoLink to a Delta V Advantage
Mass Spectrometer (all Thermo Fisher Scientific) with reference to
methyl nonadecanoate (19:0) as internal standard. Glucose uptake was
quantified as the excess incorporation of 13C into individual PLFA bio
markers in enriched samples relative to that in natural abundance
samples and reported as microbial mass-specific total substrate uptake.
Following standard notation, we identified PLFA biomarkers i15:0,
a15:0, i16:0, i17:0, a17:0 as gram positive (G+) bacteria (Schnecker
et al., 2012), biomarkers 16:1ω7, cy17:0, cy19:0 as gram negative (G-)
bacteria (Kaiser et al., 2010b; Schnecker et al., 2012), biomarkers
10Me16:0, 10Me17:0 as actinobacteria (Schnecker et al., 2012; Zelles,
1999), biomarkers 14:0, 17:1ω7, 17:0 as general bacteria (Kaiser et al.,
2010b; Phillips et al., 2002; Schnecker et al., 2012), biomarker 16:1ω5
as arbuscular mycorrhizal (AM) fungi (Fuchslueger et al., 2014; Olsson,
1999), biomarker 18:2ω6,9 as ectomycorrhizal (ECM) fungi (Högberg
et al., 2010; Kaiser et al., 2010a; Olsson, 1999; Streit et al., 2014),
biomarkers trans18:1ω9, cis18:1ω9 as general fungi (Schnecker et al.,
2012), biomarker 20:4ω6,9,12,15 as protozoa (Ruess and Chamberlain,
2010) and biomarkers 16:0, 18:0, 20:0 as general PLFAs (Schnecker
et al., 2012).
Microbial growth was determined by the incorporation of 18Olabelled water into DNA over time in a separate incubation. Within one
week from sampling, paired 0.5 g fresh soil samples were incubated at
10 ◦ C for 24 h with either 20 atom% 18O-labelled water or molecular
grade water as a natural abundance control. Following the incubation,
soil was snap frozen in liquid N2 and DNA was extracted (FastDNA SPIN
Kit for Soil, MP Biomedicals), quantified (Quant-iT PicoGreen dsDNA
Assay Kit; Thermo Fisher) and analysed for δ18O signature and O con
centration on an elemental analyser coupled to a Delta V Advantage
IRMS via a Conflo III (Thermo Fisher). Following Walker et al. (2018),
we derived microbial community turnover as the daily mass-specific
growth rates, assuming a steady state of the microbial pool size.
Further, microbial respiration was determined by gas chromatography
(Trace GC Ultra; Thermo Fisher) on gas samples taken at the start and

2.5. Statistical analysis
The experimental design comprised 48 plots distributed across two
levels of the shading treatment, two vegetation types and two elevations,
with six replicates for each factorial combination. The effects of these
three fixed categorical factors and their two- and three-way interactions
on biogeochemistry and microbial physiology were assessed by fitting
linear mixed effect models, which included the 24 pre-selected vegeta
tion patches as a random intercept term to account for pairing ambient
and shaded plots within a given patch. Significance (P < 0.05) was
determined by likelihood ratio (LR) tests between models including or
excluding explanatory variables. Where necessary, we controlled for
unequal variance between explanatory factor levels and log-transformed
response variables to meet model assumptions. Results from all final
models are presented in Table 2. We tested for effects of explanatory
variables on microbial community composition (PLFA data) using nonmetric dimensional scaling (NMDS) based on Bray-Curtis dissimilarity,
followed by a PERMANOVA test. All analyses were performed on R
version 3.5.1 (R Core Team, 2018), using the nlme package (Pinheiro
et al., 2018) for mixed-effect models and the vegan package (Oksanen
et al., 2019) for NMDS and PERMANOVA.
The accumulation of SOC in tundra ecosystems is controlled by
temperature across elevations, vegetation composition and photosyn
thate inputs via numerous interconnected biotic and abiotic mechanisms
that operate simultaneously. We explored such complex interactions
using structural equation modelling, SEM (Grace et al., 2014). Following
current knowledge of tundra above- and belowground linkages with
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Table 2) and its degree of humification (Fig. 2f, Table 2) at the end of the
growing season were greater at the low elevation and in the heath.
The strong reduction of seasonal plant productivity caused by the
shading treatment did not affect the standing aboveground biomass at
the end of the growing season in either vegetation type (Table 2). Yet, it
strongly increased the availability of ammonium and nitrate in the
meadow during the growing season, as well as the total amount of watersoluble DTN and DOC at the end of the growing season (Fig. 2a–c,
Table 2). This effect was particularly pronounced at the high elevation,
where shading increased the amounts of exchangeable nitrate and DTN
several fold (Fig. 2a–c, Table 2). As a result, shading caused a decrease in
soil solution C:N ratio in the meadow (Fig. 2e, Table 2). In contrast, the
soil solution C:N ratio was increased by shading in the heath, as the total
amount of DOC increased more than did DTN (Fig. 2e, Table 2).

climate and vegetation (Hagedorn et al., 2019; Mayor et al., 2017), we
developed an a priori conceptual model of all hypothesised relationships
among the measured biogeochemical parameters within a path diagram
(Fig. S4). It provides a causal interpretation of expected effects of
elevation, vegetation type, and experimental shading on soil organic
carbon accumulation, cascading through a network of above- and
belowground linkages (Grace et al., 2014; Jassey et al., 2018; Prommer
et al., 2020). Our SEM approach was semi-exploratory in that while we
worked to address general hypotheses embodied in the path diagram,
the precise variables used were determined empirically based on their
collinearity, the outputs of the full model and by step-wise exclu
sion/selection of linkages among variables, as estimated by AIC (Grace
et al., 2016). To that end, we used NMDS axis 1 as a proxy for microbial
community composition and expressed all EE activities as a
multi-functionality (MF) index based on Z-scores (Jassey et al., 2018).
Here, high values of MF enzymes represent high values of many, but not
necessarily all, individual enzyme activities (Jassey et al., 2018). Path
analysis was performed using the piecewiseSEM R package (Lefcheck,
2016) using linear mixed effect models as described above.

3.2. Soil microbial biomass and community composition
Soil microbial biomass in ambient plots was four-fold greater in the
heath than in the meadow and was larger at low elevation for both
vegetation types (Fig. 3a, Table 2). Experimental shading significantly
reduced microbial biomass in both vegetation types at low elevation, but
not at high elevation (Fig. 3a, Table 2). Microbial biomass C:N ratio and
the relative abundance of fungal to bacterial PLFA markers (F:B ratio)
were larger in the heath and at low elevation (Fig. 3b–c, Table 2). Soil
microbes had a narrow range of C:N ratios (between 3 and 13) and,
except for the high elevation meadow, the communities were dominated
by fungi (i.e., F:B ratio >1). Experimental shading reduced microbial C:
N ratios consistently across both elevations and vegetation types, but did
not alter the F:B ratio, nor the overall PLFA-derived microbial commu
nity composition (Fig. 3d). Microbial communities differed significantly
between the vegetation types, with a clear separation along the NMDS
axis 1 (Fig. 3d). The heath was dominated by PLFA-markers associated
with ectomycorrhizal fungi, saprophytic fungi and protozoa, whereas
the meadow by actinobacteria, gram positive bacteria and arbuscular
mycorrhizal fungi. Furthermore, actinobacteria were more common at
the low elevation and protozoa were more common at high elevation
sites.

3. Results
3.1. Above- and belowground C and N pools and fluxes
Aboveground plant biomass was 3.5 three times higher in the heath
than in the meadow, independent of elevation (Table 1, Table 2).
Compared to the meadow, maximum temperatures in the heath soil
remained lower at a given elevation and did not change as much in
response to the shading treatment (Fig. S1c). GEP estimates from the
peak growing season were approximately 50% lower in the heath than in
the meadow (Table 1, Fig. S2a). Further, topsoil under heath vegetation
held an order of magnitude larger C and N stocks than did the topsoil
under meadow vegetation, and had twice as high C:N ratio and one unit
lower pH (Table 1, Table 2). The stocks, as well as their C:N ratio, were
all lower at the high elevation for both vegetation types (Table 1,
Table 2). These soil C and N patterns were further reflected in the soil
solution C and N pools across vegetation types and elevations (Fig. 2c–e,
Table 2).
The amount of plant available ammonium and nitrate in ambient
plots, as integrated over the plant growing season in buried resin bags,
was generally higher at the high elevation and in the meadow, despite
the lower soil N stocks and water-soluble total N there (Fig. 2a–c,
Table 1, Table 2). Compared to the low elevation, at the high elevation,
there was more available ammonium in the heath and more nitrate in
the meadow (Fig. 2a–b, Table 2). Both soil solution C:N ratio (Fig. 2e,

3.3. Soil microbial physiology
Mass-specific microbial respiration rates under meadow vegetation
were two-fold higher at the high than at the low elevation, whereas
under heath vegetation respiration rates did not vary with elevation and
had intermediate rates compared to the two meadow elevations (Fig. 4a,
Table 2). Experimental shading did not affect mass-specific microbial
respiration in either vegetation type (Fig. 4a, Table 2). However,
shading caused a consistent increase in microbial substrate respiration
rates (i.e., mineralisation of 13C-labelled glucose) at both elevations in
the meadow but had no effect on these rates in the heath (Fig. 4b,
Table 2). In addition, whereas heath microbes at both elevations min
eralised only a small proportion of this substrate (i.e., about 10% rela
tive to basal respiration rates), in meadows this was much greater,
especially at high elevation, where substrate addition nearly doubled
microbial respiration rates (i.e., about 100% relative to basal respiration
rates). The incorporation of 13C-labelled glucose into microbial biomass
(i.e., sum of all PLFA biomarkers) was more pronounced at the high
elevation for both vegetation types, and this pattern was stronger for the
meadow (Fig. 4c, Table 2). Microbial CUE was not significantly affected
by the shading treatment and was greater at the low elevation where it
was similar between the two vegetation types (Fig. 4d, Table 2). Mi
crobial CUE was approximately 30% less in the heath and 50% less in the
meadow at the high compared to the low elevation (Fig. 4d, Table 2).
The microbial biomass turnover was faster at the low elevation and in
the heath than at high elevation and in the meadow (Fig. 4e, Table 2).
Whereas microbial turnover rates accelerated due to the shading treat
ment in the heath, they decelerated in the meadow and these effects

Table 1
Elevation and vegetation type patterns in above- and belowground (10 cm
depth) organic matter stocks along the Mount Suorooaivi gradient. Presented are
average (±SE) values for ambient plots (n = 6). Detailed statistical comparisons
are shown in Table 2.
700 m asl
Plant aboveground
biomass (kg m− 2)
Gross ecosystem
productivity (g C m-2 h1)
Soil organic carbon stock
0–10 cm (kg C m− 2)
Soil total nitrogen stock
0–10 cm (kg N m− 2)
Soil organic matter C:N
ratio
Soil pH
Organic layer depth (cm)

900 m asl

Heath

Meadow

Heath

Meadow

0.680 ±
0.091
0.316 ±
0.045

0.201 ±
0.055
0.531 ±
0.103

0.607 ±
0.039
0.147 ±
0.046

0.190 ±
0.051
0.360 ±
0.094

3.131 ±
0.286
0.119 ±
0.014
27.1 ±
1.9
4.29 ±
0.09
5.4 ± 0.5

0.757 ±
0.055
0.053 ±
0.004
14.4 ± 0.2

3.086 ±
0.291
0.135 ±
0.012
23.2 ±
1.8
4.54 ±
0.13
6.2 ± 1.0

0.313 ±
0.014
0.027 ±
0.002
11.5 ± 0.2

5.60 ±
0.10
2.2 ± 0.2

5.43 ±
0.03
2.2 ± 0.3
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Table 2
Likelihood ratios (LR), denominator degrees of freedom (df) and probabilities (P, in bold when significant) for statistical comparisons of the effects of vegetation type, elevation and experimental shading and their two- and
three-way interactions on response variables presented in the text. log indicates those variables which were logarithm-transformed to meet underlying assumptions of the statistical tests.
Response

6

Elevation (E)

Shading (S)

V × E interaction

V × S interaction

E × S interaction

V × E × S interaction

LR

df

P

LR

df

P

LR

df

P

LR

df

P

LR

df

P

LR

df

P

LR

df

P

46.5
85.9
57.9
78.6
6.6
1.2
8.7
69.3
3.2
20.5
34.0
63.7
42.6
52.5
46.8
13.6
26.6
9.2
26.1
39.8
7.5
29.1
1.0
14.0
16.4
6.4

23
23
23
23
22
22
23
23
23
23
21
21
21
23
23
23
23
22
11
23
22
23
23
21
22
23

0.000
0.000
0.000
0.000
0.010
0.274
0.003
0.000
0.074
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.002
0.000
0.000
0.006
0.000
0.328
0.000
0.000
0.011

0.2
14.1
5.4
37.4
6.6
7.3
4.0
1.1
4.1
2.4
7.6
13.2
7.7
22.3
23.7
5.1
7.9
10.2
4.8
27.6
30.7
25.7
0.5
2.5
7.8
0.0

23
23
23
23
22
22
23
23
23
23
21
21
21
23
23
23
23
22
11
23
22
23
23
21
22
23

0.626
0.000
0.020
0.000
0.010
0.007
0.046
0.287
0.043
0.123
0.006
0.000
0.006
0.000
0.000
0.025
0.005
0.001
0.029
0.000
0.000
0.000
0.491
0.115
0.005
0.889

1.7
2.2
2.4
0.0
30.4
15.2
29.6
7.7
8.5
6.2
7.0
0.1
4.1
18.5
4.2
9.1
1.5
0.2
0.0
0.0
0.1
0.7
4.8
5.0
7.4
3.1

23
23
23
23
22
22
23
23
23
23
21
21
21
23
23
23
23
22
11
23
22
23
23
21
22
23

0.194
0.134
0.124
0.914
0.000
0.000
0.000
0.006
0.004
0.013
0.008
0.711
0.044
0.000
0.040
0.003
0.218
0.646
0.834
0.935
0.712
0.413
0.029
0.025
0.007
0.079

0.0
0.1
3.1
0.7
1.3
2.2
0.7
5.2
4.2
19.2
1.2
0.3
0.0
3.3
1.0
0.2
0.9
7.2
8.0
14.7
5.5
0.7
1.9
0.5
2.8
5.9

21
21
21
21
20
20
21
21
21
21
20
20
20
21
21
21
21
20
9
21
20
21
21
20
20
21

0.966
0.731
0.080
0.388
0.257
0.138
0.392
0.022
0.040
0.000
0.266
0.564
0.849
0.071
0.312
0.651
0.354
0.007
0.005
0.000
0.019
0.401
0.171
0.463
0.093
0.015

0.0
0.6
0.5
0.0
0.5
10.4
2.6
0.7
10.0
11.1
5.9
5.3
19.7
1.1
1.1
0.7
0.5
0.2
5.7
0.1
1.2
12.8
0.8
1.1
0.1
2.4

21
21
21
21
20
20
21
21
21
21
20
20
20
21
21
21
21
20
9
21
20
21
21
20
20
21

0.938
0.435
0.471
0.962
0.464
0.001
0.104
0.389
0.002
0.001
0.015
0.021
0.000
0.300
0.291
0.403
0.463
0.625
0.017
0.744
0.265
0.000
0.368
0.293
0.787
0.123

0.0
5.3
5.2
0.0
3.7
0.4
7.9
3.7
0.5
0.0
7.9
0.5
16.6
0.7
5.4
1.1
0.2
1.1
0.5
5.4
1.1
4.3
0.7
1.2
4.7
2.1

21
21
21
21
20
20
21
21
21
21
20
20
20
21
21
21
21
20
9
21
20
21
21
20
20
21

0.839
0.021
0.023
0.987
0.056
0.530
0.005
0.050
0.504
0.921
0.005
0.484
0.000
0.406
0.020
0.303
0.644
0.291
0.502
0.020
0.295
0.038
0.414
0.278
0.031
0.147

1.0
0.9
1.8
0.1
0.3
0.7
0.2
3.3
0.1
0.5
10.2
0.0
4.6
0.7
0.0
2.1
0.3
0.1
0.4
3.4
0.3
0.1
0.0
0.0
4.4
4.5

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
8
20
20
20
20
20
20
20

0.306
0.334
0.176
0.759
0.582
0.415
0.651
0.068
0.799
0.505
0.001
0.959
0.032
0.389
0.804
0.151
0.609
0.731
0.533
0.064
0.610
0.760
0.808
0.830
0.036
0.035
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Topsoil OC stock
Topsoil TN stock
Topsoil C:N ratio
log GEP rate
ER rate
NEE rate
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C:N in solution
Humification index
Microbial biomass C
Microbial biomass C:N
Fungal:bacterial ratio
Microbial respiration
log 13C respiration
log 13C PLFA uptake
Carbon use efficiency
log Turnover rate
Fluorescein diacetate
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Peroxidase
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Fig. 2. Biogeochemical responses to experimental shading (dark vs clear grey bars and symbols) for two vegetation types growing at two elevations above the natural
treeline. Ammonium (a) and nitrate (b) availabilities in the soil during the plant growing season were estimated with ion exchange resin bags. Total N (c) and organic
carbon (d) in soil solution, as well as their ratio (e) were obtained by percolating water through a soil column. The extent of decomposition of that dissolved organic
matter was assessed by the humification index (f). Presented are mean treatment values (±SE, n = 6), for which statistical comparisons are given in Table 2. The
horizontal dotted line in (e) indicates the stoichiometric limit between substrate C- (below) and N- (above) limitation for microbial growth (as in Mooshammer
et al., 2014b).

were stronger at the low elevation site (Fig. 4e, Table 2). Shading
consistently increased the hydrolytic enzyme activity of fluorescein
diacetate and β-glucosidase at both elevations and vegetation types and
the meadow had higher β-glucosidase activity than the heath (Fig. 4f–g,
Table 2). Activities of the oxidative enzymes phenol oxidase and
peroxidase were generally higher in meadow than in heath, and the
greatest activity was at the high elevation meadow site (Fig. 4h–i,
Table 2). In the meadows, shading had a negative effect on oxidative
enzyme activities at the high elevation sites but a positive effect at the
low elevation sites, whereas in the heath, shading consistently reduced
only the activity of phenol oxidase (Fig. 4h, Table 2).

carbon storage (Fig. 5, Fig. S4). Shading, despite its pronounced effect
on plant productivity and on various soil solution parameters (Fig. 2,
Table 2), was not retained in the final SEM. Compared to heath, meadow
vegetation type strongly decreased microbial biomass either directly
(path = − 0.73) or through a cascade of microbial community and
physiological parameters, which ultimately constrained the size of the
microbial pool by the its carbon use efficiency (path = 0.30). In turn,
microbial biomass was the strongest predictor (path = 0.64) of SOC,
followed by vegetation type (path = − 0.38) and elevation (path = 0.09).
The effect of elevation (i.e., the inverse of temperature) on SOM was
further mediated through those microbial physiology parameters.

3.4. Above- and belowground linkages

4. Discussion

Through structural equation modelling, we determined the main
pathways in which tundra elevation and vegetation interact with their
microbiome to constrain the belowground ecosystem potential for

In this study, we show how tundra primary productivity, vegetation
type and elevation interactively determine the ecosystem potential for
carbon cycling through a suite of above- and belowground mechanisms.
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Fig. 3. Size and composition of soil microbial communities. Microbial biomass C (a) and its C:N ratio (b), as estimated by chloroform fumigation. The relative
proportion of fungal to bacterial biomass in the soil against a 1:1 line (c), as well as the microbial community structure in a two-dimensional NMDS (d) were
determined by the PLFA technique. Individual colour-coded markers (d) were attributed to broad microbial groups with reference to recent literature (see Methods).
Non-overlapping solid circles (SE for site scores per treatment) represent significant (P < 0.05) results of PERMANOVA tests performed on Bray-Curtis site dis
similarities. Dashed circles are not significant. For a – c, presented are mean treatment values (±SE, n = 6), for which statistical comparisons are given in Table 2.
Horizontal dotted line in (b) indicates the stoichiometric limit between microbial biomass C- (below) and N- (above) growth limitation (as in Mooshammer et al.,
2014b). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

We found consistent patterns in ecosystem processes indicative of SOM
accumulation within heath compared to meadow communities across
elevations, and a pivotal role of plant productivity therein. The latter
was particularly pronounced within meadows, where a sustained
photosynthate supply belowground was essential to offset rhizomicro
bial C-limitation. Below we explore the additive and interactive re
sponses and feedbacks of plant-soil-microbial linkages and how these
relate to prevailing climate regimes across the two studied elevations.

ecosystems (Sundqvist et al., 2020). Despite our study being limited to
one site and one season, our peak growing season data on potential GEP
(Table 1, Fig. S2a) corroborate these previous observations, indicating
an even lower rate of atmospheric CO2 fixation in heath than in
meadow, independent of elevation. This suggests that under optimal
conditions during the plant growing season the rate of decomposition
and microbial turnover, rather than of plant productivity, could play a
central role for belowground C storage potential of these two vegetation
types.
Our mechanistic approach provided further evidence that below
ground abiotic and biotic linkages with vegetation type drive tundra
SOC cycling (Fig. 5). Soil temperature was less coupled to atmospheric
temperature under shrubs compared to meadow, which is in line with
previous work demonstrating cooler microclimate under shrubs
(Myers-Smith and Hik, 2013). This temperature buffering in heath
reduced microbial physiological responses to warmer conditions at low
elevation and, as a consequence, respiration rates and enzymatic ac
tivities there did not increase in a similar way as in the meadow. We
further demonstrate that lower N availability, as well as higher soil C:N
ratios and degree of organic matter humification in heath relative to
meadow soils, favours fungal-dominated communities with lower sub
strate respiration rates and a lower activity of C-degrading extracellular
enzymes. This is likely driven by the typically low quality above (Cor
nelissen et al., 2007) and belowground (Freschet et al., 2013) plant litter
inputs in heath compared to meadow ecosystems, which ultimately

4.1. Belowground ecosystem functioning across two mountain tundra
vegetation types
The contrast between herb-dominated meadow and shrubdominated heath was a major determinant of tundra soil and microbi
al composition and biogeochemical functioning and, as hypothesised,
underpinned the ecosystem potential for C storage. Similar to previous
studies comparing woody versus herbaceous vegetation types within the
same climatic zones (Hagedorn et al., 2019; Mayor et al., 2017;
Sundqvist et al., 2011), we found consistently greater above- and
belowground C stocks in the heath than in the meadow. It is likely that
this was not the result of higher ecosystem productivity, since previous
work has shown that woody and herbaceous vegetation exhibit similar
rates of gross ecosystem productivity across the Arctic (Cahoon et al.,
2012) and that dominant heath vegetation such as Empetrum hermaph
roditum has limited contribution to overall GEP rates in tundra
8
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Fig. 4. Microbial biomass-specific rates of main physiological processes: heterotrophic respiration (a); 13C-labelled glucose respiration relative to water-addition
controls (b); 13C-labelled glucose incorporation into the sum of all quantified PLFA (including therein the general markers 16:0, 18:0 and 20:0, which do not
contribute to any of the main groups (Schnecker et al., 2012) presented in Fig. 3c); carbon use efficiency (d); biomass turnover rate (e); and the extracellular
enzymatic activity of fluorescein diacetate (f); β-glucosidase (g); phenol oxidase (h); and peroxidase (i). Presented are mean treatment values (±SE, n = 6), for which
statistical comparisons are given in Table 2.

accumulation of SOM with a high degree of humification and a high C:N
ratio, which are both indicative for nutrient-limited conditions in tundra
ecosystems (Mack et al., 2004; Schmidt et al., 2002). Alongside this,
independent of vegetation type, soils at low elevation had
fungal-dominated microbial communities with higher biomass C:N ra
tios. As fungal-dominated communities imply slow elemental cycling
(Bardgett et al., 2005), they potentially modulated the effect of warmer
atmospheric temperatures at the low elevation site. Their typically high
biomass C:N (Strickland and Rousk, 2010) and high CUE (Geyer et al.,
2016; Malik et al., 2016) have likely contributed to a long-term SOM
storage within extensive mycelial networks (Clemmensen et al., 2013,
2015). It is thus plausible that the measured larger microbial biomass in
these fungal-dominated communities, with lower respiratory losses and
faster turnover rates, provided a greater supply of organic residues and
favoured the accumulation of stable SOM forms. This process could have
further been enhanced by the proximity of mineral surfaces in these
shallow mountain tundra soils, which is known to facilitate long-term
SOM storage through its association with mineral particles (Bradford
et al., 2016; Cotrufo et al., 2013; Lavallee et al., 2020; Liang et al.,
2017). Altogether, the combined increase at lower elevation in below
ground carbon inputs, through higher rates of GEP and microbial turn
over, contributed to the greater accumulation of SOM stocks, suggesting
of a sustained C sink function of tundra soils with moderately warmer
temperatures at this study site.

determine the rates of SOM cycling. More specifically, in contrast to
meadows, both soil and soil solution C:N ratios in heath were higher
than the 17:1 mass-based ratio, above which microbial N-limitation
generally occurs (Mooshammer et al., 2014b). This was further reflected
in the microbial biomass C:N ratio (i.e., >7:1), indicative of N growth
limitation (Mooshammer et al., 2014b). Our data thus support the
concept that a suite of microbial community properties, which drive soil
formation (i.e., biomass, community composition, physiology),
dependon the overlying vegetation and are critical for understanding
biogeochemical cycles (Crowther et al., 2019).
4.2. Belowground ecosystem functioning across two mountain tundra
elevations
The effects of warmer atmospheric temperatures across the two el
evations (in this study, ca. +1.9 K) on biogeochemistry and microbial
physiology were numerous, but the hypothesised acceleration of C and N
cycles at the low elevation was not confirmed. On the contrary, massspecific rates of microbial respiration decreased and those of growth
(i.e., turnover) increased with warmer temperatures at low elevation,
resulting in a particularly high (ca. 60%) CUE (Manzoni et al., 2012;
Sinsabaugh et al., 2016). Furthermore, per unit biomass, low elevation
microbes produced less oxidative enzymes for the degradation of com
plex biopolymers, and showed lower rates of glucose mineralisation and
uptake. In line with these observations, we found that total pools of soil
and microbial C and N were larger at the low elevation, whereas
growing season N-availability was smaller. This was paralleled by an
9
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nitrate in meadow soils increased and microbial biomass C:N decreased,
providing evidence for a physiological adjustment of microbes in
response to C-limitation (Mooshammer et al., 2014a) and possibly a
stimulation of ammonium nitrification in the absence of plant compe
tition for N (Jonasson et al., 1999; Mikola et al., 2000). Even though the
heath had more N-limiting conditions with substantially higher soil and
soil solution C:N ratios than did the meadow, microbes in the heath
similarly reduced their biomass and C:N ratios in response to shading
without affecting the seasonal fluxes of ammonium and nitrate in the
soil. These findings suggest that tundra plant C-supply belowground is a
strong prerequisite of SOM build-up above the treeline, yet its funda
mental effect remained masked in this (short-term) study by the pre
vailing (a)biotic conditions across tundra vegetation types and
elevation-dependent climate regimes. Further mechanistic studies
directly manipulating plant productivity (i.e. through shading, girdling,
defoliation), rather than inferring it from comparisons among vegeta
tion types and standing biomass, are needed from across the tundra
region in order to draw a comprehensive picture of climate change ef
fects on SOM cycling.
4.4. Conclusions
Altogether, our results demonstrate that consistent structural and
physiological adaptations in soil microbial communities across eleva
tions and vegetation types underpin ecosystem functioning and its po
tential for C storage in this mountain tundra system. We show that
belowground photosynthetic inputs by plants limit the enzymatic SOM
decomposition, likely by alleviating microbial C demand. This effect is
sustained with warmer temperature and higher plant productivity at
lower elevation, where a microbial community shift towards a fungal
energy channel with high CUE further contributes to the observed in
crease in belowground C pools. Similarly, tundra heath vegetation with
its associated fungal-dominated microbial communities retards rates of
soil C cycling and ultimately leads to higher ecosystem C stocks. We thus
argue that, owing to these cascading above- and belowground linkages,
plant community characteristics (i.e. productivity and vegetation type)
could potentially serve as reliable predictors of ecosystem C storage
potential in mountain tundra ecosystems.

Fig. 5. Structural equation model of plant-soil-microbial linkages in tundra
ecosystems. Arrows indicate significant (P < 0.05) paths between variables
retained in the final model. The numbers associated with each arrow show the
standardized parameter estimates (i.e., standardized regression weights).
Square multiple correlations (R2 values) for the predicted factor are indicated
besides the dependent variable. Model fits are on average good (Fisher’s C =
39.3, P = 0.177, df = 32).

4.3. Belowground ecosystem responses to altered plant productivity across
vegetation types and elevation
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Crawley, M.J., Damschen, E.I., Davies, K.F., Fay, P.A., Firn, J., Gruner, D.S.,
Hector, A., Knops, J.M.H., MacDougall, A.S., Melbourne, B.A., Morgan, J.W.,
Orrock, J.L., Prober, S.M., Smith, M.D., 2016. Integrative modelling reveals
mechanisms linking productivity and plant species richness. Nature 529, 390–393.
https://doi.org/10.1038/nature16524.
Gunina, A., Kuzyakov, Y., 2015. Sugars in soil and sweets for microorganisms: review of
origin, content, composition and fate. Soil Biology and Biochemistry 90, 87–100.
https://doi.org/10.1016/j.soilbio.2015.07.021.
Hagedorn, F., Gavazov, K., Alexander, J.M., 2019. Above- and belowground linkages
shape responses of mountain vegetation to climate change. Science 365, 1119–1123.
https://doi.org/10.1126/science.aax4737.
Hagedorn, F., Mulder, J., Jandl, R., 2010. Mountain soils under a changing climate and
land-use. Biogeochemistry 97, 1–5. https://doi.org/10.1007/s10533-009-9386-9.
Hartley, I.P., Garnett, M.H., Sommerkorn, M., Hopkins, D.W., Fletcher, B.J., Sloan, V.L.,
Phoenix, G.K., Wookey, P.A., 2012. A potential loss of carbon associated with greater

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.soilbio.2021.108530.
References
Bahn, M., Lattanzi, F.A., Hasibeder, R., Wild, B., Koranda, M., Danese, V.,
Brüggemann, N., Schmitt, M., Siegwolf, R., Richter, A., 2013. Responses of
belowground carbon allocation dynamics to extended shading in mountain
grassland. New Phytologist 198, 116–126. https://doi.org/10.1111/nph.12138.
Baldrian, P., 2014. Distribution of extracellular enzymes in soils: spatial heterogeneity
and determining factors at various scales. Soil Science Society of America Journal
78, 11–18. https://doi.org/10.2136/sssaj2013.04.0155dgs.
Bardgett, R.D., Bowman, W.D., Kaufmann, R., Schmidt, S.K., 2005. A temporal approach
to linking aboveground and belowground ecology. Trends in Ecology & Evolution
20, 634–641. https://doi.org/10.1016/j.tree.2005.08.005.
Bergmann, J., Weigelt, A., van der Plas, F., Laughlin, D.C., Kuyper, T.W., GuerreroRamirez, N., Valverde-Barrantes, O.J., Bruelheide, H., Freschet, G.T., Iversen, C.M.,
Kattge, J., McCormack, M.L., Meier, I.C., Rillig, M.C., Roumet, C., Semchenko, M.,
Sweeney, C.J., van Ruijven, J., York, L.M., Mommer, L., 2020. The fungal
collaboration gradient dominates the root economics space in plants. Science
Advances 6. https://doi.org/10.1126/sciadv.aba3756 eaba3756.
Björk, R.G., Klemedtsson, L., Molau, U., Harndorf, J., Ödman, A., Giesler, R., 2007.
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Lamentowicz, M., Mitchell, E.A.D., Buttler, A., 2018. Tipping point in plant–fungal
interactions under severe drought causes abrupt rise in peatland ecosystem
respiration. Global Change Biology 24, 972–986. https://doi.org/10.1111/
gcb.13928.
Jonasson, S., Michelsen, A., Schmidt, I.K., Nielsen, E.V., 1999. Responses in microbes and
plants to changed temperature, nutrient, and light regimes in the arctic. Ecology 80,
1828. https://doi.org/10.2307/176661.
Kaiser, C., Frank, A., Wild, B., Koranda, M., Richter, A., 2010a. Negligible contribution
from roots to soil-borne phospholipid fatty acid fungal biomarkers 18:2ω6,9 and 18:
1ω9. Soil Biology and Biochemistry 42, 1650–1652. https://doi.org/10.1016/j.
soilbio.2010.05.019.
Kaiser, C., Koranda, M., Kitzler, B., Fuchslueger, L., Schnecker, J., Schweiger, P.,
Rasche, F., Zechmeister-Boltenstern, S., Sessitsch, A., Richter, A., 2010b.
Belowground carbon allocation by trees drives seasonal patterns of extracellular
enzyme activities by altering microbial community composition in a beech forest
soil. New Phytologist 187, 843–858. https://doi.org/10.1111/j.14698137.2010.03321.x.
Karhu, K., Auffret, M.D., Dungait, J.A.J., Hopkins, D.W., Prosser, J.I., Singh, B.K.,
Subke, J.A., Wookey, P.A., Agren, G.I., Sebastià, M.T., Gouriveau, F., Bergkvist, G.,
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