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Permafrost-affected ecosystems are subject to warming and thawing, which can increase the availability of
subsurface nitrogen (N) with consequences in otherwise N-limited tundra and alpine vegetation. Here, we
quantify the extent of warming and permafrost thawing and the corresponding effects on nitrogen availability
and plant growth based on a 20-year survey across 14 sites on the Tibetan Plateau. The survey showed that most
sites have been subject to warming and thawing and that the upper permafrost zone across all sites was rich in
inorganic N, mainly as ammonium. We further explore the efficiency of plants to utilize °>N-labelled inorganic N
over five years following °N addition at the permafrost table far below the main root zone. The °N experiment
showed that deep-rooted plant species were able to utilize the labelled N. A SEM model suggests that changes in
vegetation can be explained by both active layer warming and permafrost thawing and the associated changes in
inorganic nitrogen availability. Our results highlight a feedback mechanism of climate warming, in which
released plant-available N may favour deep-rooted plants. This can explain important changes in plant
composition and growth across the sites on the Tibetan Plateau.

1. Introduction

Permafrost underlies about 25% of the land surface in the Northern
Hemisphere (Obu et al., 2019) and the area has recently warmed more
than twice as much as the rest of the planet (Parmesan et al., 2022). Such
warming is expected to change both carbon sinks and resources of the
permafrost-affected ecosystems, and thereby impact the net carbon-
—climate feedback on a global scale (Virkkala et al., 2021; Bjorkman
et al., 2018; Niittynen et al., 2018). It has been suggested that plant
community composition and plant growth have significantly changed in
permafrost-affected ecosystems and that changes are associated with

both the organic and the inorganic nitrogen cycle, for instance, through
thawing permafrost, which can release nitrogen (N) previously held in
frozen soil layers (Elberling et al., 2010; Keuper et al., 2017; Salmon
et al., 2018). These changes can affect the N availability for plants (Kou
et al., 2020; Hewitt et al., 2019; Pedersen et al., 2020), and induce
changes in plant growth, competition and plant succession (Heijmans
et al., 2022).

Air temperature (Niittynen et al., 2018; Elmendorf et al., 2012), soil
moisture (Heijmans et al., 2022; Elmendorf et al., 2012; Happonen et al.,
2022) and nutrition (Niittynen et al., 2018; Elmendorf et al., 2012;
Schuur et al., 2007; Myers-Smith et al., 2019) are all considered
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important factors for plant growth and plant composition in
permafrost-affected ecosystems. However, these factors reveal a high
spatiotemporal heterogeneity in permafrost-affected ecosystems
(Elberling et al., 2010; Salmon et al., 2018; Heijmans et al., 2022), which
complicates the understanding and quantification of mechanisms and
drivers of observed changes (Niittynen et al., 2018; Myers-Smith et al.,
2019). This is particularly true when scaling observations across
permafrost biomes and longer time scales (Bjorkman et al., 2018;
Thomas et al., 2020).

The Tibetan Plateau accounts for 75% of the Northern Hemisphere’s
alpine permafrost area and has experienced significant climate and
environmental changes in recent decades (Chen et al., 2015; Yao et al.,
2019; Ehlers et al., 2022). Future warming has been predicted to result
in an increase in active layer thickness up to 3.3 m (Zou et al., 2017) and
an increase in the length of plant root (Liu et al., 2018), and approxi-
mately 1.9 Pg and 3.8 Pg C release from permafrost by 2100 under RCP
4.5 and 8.5, respectively (Wang et al., 2020). Here, we hypothesize that
nitrogen released as a result of permafrost thaw has been available in
mainly deep-rooted plant species and that this, in combination with N
release associated with active layer warming, has resulted in changes in
both plant community composition and plant growth.

We undertook two steps to quantify links between permafrost con-
ditions and plant species composition and growth across the Tibetan
Plateau. We first quantified the plant uptake of labelled nitrogen (}°N)
introduced at the permafrost table for five years. Secondly, we quanti-
fied plant species composition and plant growth based on the maximum
rooting depth, plant coverage, plant height and aboveground biomass in
September and climate data linked to active layer warming, permafrost
thaw and changes in plant nutrient availability. Data were collected
from 14 sites across the Tibetan Plateau (Fig. 1) between 1975 and 2017
and included 1838 soil cores from 692 plots and corresponding plant
species and root depth.
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2. Methods
2.1. Meteorological data

Air temperature, air humidity, soil temperature, soil moisture and
total precipitation were obtained from the China meteorological data
service centre (http://data.cma.cn/) and the State Key Laboratory of
Frozen Soil Engineering, China (SKLFSE, http://skifse.nieer.ac.cn/; for
details, see SI.1.1). Maximum active layer thickness (ALT) was calcu-
lated based on the 0 °C isotherm for soil temperature profiles and
growing degree days (GDD) were calculated according to Bendixen et al.
(2017).

2.2. Stable isotope N addition experiment

Labelled 5N was added to the permafrost table and subsequently
followed in plants at six sites from 2017 to 2021. At each site, labelled N
a ngN—NH4CI, 99 atom%) was dissolved in 50 g deionized water and
added at the permafrost thaw front by a sloping drill hole (SI.1.2). The
15N addition was made in five replicate plots per site. The aboveground
biomass (including leaves and stems) as well as roots within the upper
50 cm were collected within an area of 33 cm x 33 cm above the in-
jection point. Plant species included three dominating species: Carex
moorcroftii Falc. Ex Boott (Carex), Kobresia littledalei C. B. Clarke
(Kobresia) and Oxytropis pauciflora Bunge (Oxytropis). Four mature in-
dividual plants were randomly selected for each species and the
belowground biomass was sampled by using a soil drill with a diameter
of 15 cm. Collection also took place in five additional control plots per
site (without labelled N being added). Roots and plants were collected
about ten days, one year, two years, three years, and four years after the
addition (SI.1.2).
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Fig. 1. a. Map of sampling sites on the Tibetan Plateau (TSH: TianshuiHai; QSH: QingshuiHe; SQH: ShigianHe; GZ: GaiZi; MA: MangAi; AD: AnDuo; WQ: Wen Quan;
KXL: KaixinLing; BLH: BeiluHe basin; ZAD: ZaDuo; XD: XidaTan; ZD: ZhiDuo; QML: QumalLai; HSX: HuashiXia). The boundaries of the Tibetan Plateau area and
permafrost distribution are based on Zou et al. (2017). Panel b shows the variations in active layer thickness (ALT) from 1995 to 2017 for group A (red solid dot) and
group B (blue open circle), respectively. The black solid line denotes a significant change (p < 0.05), whereas the black dashed line indicates no significant change (p
> 0.05). Vertical bars represent one standard deviation, n = 265 for group A and n = 88 for group B. Blue and red ribbons denote 95% confidence intervals. Panel ¢
shows NHj profiles of 14 sites sampled at the end of September in 2008 and in 2017 (horizontal bars representing one standard deviation, n = 640). Green and purple
dashed lines are the mean thickness of the active layer (ALT) across sites for 2008 and 2017, respectively. The grey region denotes the variation of permafrost thaw

front from 2008 to 2017.
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2.3. Collection of soil, permafrost and plant samples

Soil and permafrost cores were taken as two pseudo-replicate cores
within the same vegetation type at 14 sites (Fig. 1) and sampled in 1975
and 1978 and annually from 1995 to 2017 (26 years). At nine sites (AD,
QML, BLH, HSX, TSH, SQH, ZD, MA and GZ), 1078 cores from 62 plots
were studied in 1975 and 1978 and from 1995 to 2017 (26 years). At five
sites (WQ, QSH, KXL, ZAD and XD), a total of 760 cores from 96 plots
were studied from 2002 to 2017 (16 years). At all sites, samples 0-100
cm deep were collected using a soil corer at the following depths: 0-5
cm, 5-10 ¢cm, 10-15 cm, 15-20 cm, 20-30 cm, 30-40 cm, 40-50 cm,
50-100 cm. A motorized drill was used to collect samples at 50-cm in-
tervals between 1 and 5 m. Samples were collected using a stainless steel
ring cutter, with three replicates. All samples were marked and sealed in
100-ml steel aluminium boxes, weighed, frozen at —15 °C, and brought
back to the laboratory to be used for soil analysis.

At each site, we randomly selected a 100 m transect for vegetation
investigation within a 500 m radius of the permafrost soil temperature
monitoring borehole. Along the 100 m transect, we randomly placed five
pairs of plots. One side of each plot, measuring 1.5 m x 1.5 m, was used
for the collection of plant species-specific root length, while the other
side, measuring 1 m x 1 m, was used for the collection of plant coverage,
plant height and total biomass (i.e., aboveground biomass including all
species). For each pair of plots, additional information including land-
scape type, surface drainage and erosion status was noted. Plant
coverage was measured in early or mid-September at five plots (1 m x 1
m) within 500 m from where the soil and permafrost cores had been
collected. In 1975 and 1978, it was estimated based on observations by
experts. From 1995 to 2007, the pin-point method was applied to
quantify plant coverage. This method was based on a 10 cm x 10 cm
nylon mesh placed over a1 m x 1 m plot. From 2008 to 2017, a US
agricultural multispectral camera was used to quantify plant coverage. A
comparison of the two methods to quantify plant coverage revealed no
significant differences.

The aboveground biomass was quantified in three 20 cm x 20 cm
subplots within each plot during September, in a total of 15 subplots per
site. At each subplot, aboveground biomass was cut using scissors,
packed in paper bags and returned to the laboratory. Here, any soil
particles on plants were removed prior to plant samples being dried at
75 + 2 °C for 72 h to calculate the aboveground biomass. In these cal-
culations, grazing was not accounted for as all sites were fenced off for
the duration of the experiment to avoid grazing by yaks or other large
wild animals.

To investigate the root vertical distribution pattern of the plant
species in the community, a 1.5 m deep pit was dug in five 1.5m x 1.5m
quadrats to measure the maximum root depth after all of the above work
was finished. Since 2008, this approach has been replaced by a special
soil-sample drilling device (of 15 cm diameter) designed by SKLFSE,
China. The vertical root distribution was based on fresh roots being
observed in soil cores (after cores have been soaked in water) in three
replicates per plot. A mean value was calculated for the maximum root
per plot. Additional deep soil profile samples were collected in areas
with retrogressive thaw slumps near study sites (see SL.1.3).

2.4. Chemical analysis

The following analyses were undertaken for each soil depth and at
each time point. Soil bulk density and soil water content were estimated
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as the change in mass after drying in a volume-specific soil sample. Soil
pH was determined by amperometry (DJS-1C, Leizi, Shanghai, China).
Five grams of fresh soil were mixed with CaCl, (0.2 M) at a ratio of one
part soil to five parts liquid (1:5), and the pH of the suspension was
measured after 1 h of shaking for each soil sample. Soil organic carbon
(SOCQ) of the air-dried soil samples was analysed using the wet com-
bustion method, Walkley-Black modified acid dichromate digestion,
FeSO, titration and an automatic titrator (Yun et al., 2018; Wu et al.,
2016). Total nitrogen (TN) was titrated by the Kjeldahl method (Wu
et al., 2016) before the year 2000, and since 2001, it has been measured
by an elementary analyser (Vario EL Three, Elementar, Germany). Ni-
trate (NO3) was measured by capacity titration (ELIT 8021, Beijing,
China) before the year 2000, and afterwards by ion chromatography
(T6-New Century Spectrophotometer, PUXI, Beijing, China).

Soil ammonium (NHJZ) content was analysed based on soil samples
collected from 2008 to 2017. Ammonium was extracted using a 2 M
potassium chloride (KCI) solution in a 1:5 ratio (soil and solution) for 2 h
and subsequently quantified using a flow injection analyser (Auto-ana-
lyser 3 SEAL, Bran and Luebbe, Norderstedt, Germany) with a detection
limit of 0.003 N mg L. The NHZ concentration was calculated as mg N
kg~ ! dry weight (DW) of soil.

Grounded root samples (0.2-0.3 mg) were folded into tin capsules
and analysed for !N on a Costech ECS 4010 Elemental Analyser
(Costech ECS4010, Italy), which was coupled to a Thermo Finnigan MAT
253 continuous flow isotope-ratio mass spectrometer (Thermo Scienti-
fic, Bremen, Germany).

Soil property data and plant data were provided by the SKLFSE,
China and the National Cryosphere Desert Data Centre, China
(http://www.ncdc.ac.cn/portal/. Data quality control and analysis are
described in detail (SI.1.4).

Structure equation model (SEM). A piecewise SEM was examined
to identify 1) the pathway of plant growth potentially affected by
climate change; 2) the difference between the direct and indirect effects
of temperature, water balance and soil nutrients on plant growth. The
mean value at the level of a site in the growing season was used in SEM
analysis and split into two groups, A and B. The SEM included the
following drivers: air temperature at 2 m, growing degree days, soil
temperature at 0-50 cm, soil temperature at 50-100 cm, ALT, soil
moisture at 0-50 cm, soil temperature at 50-100 cm, soil N-NOj3 con-
centration at 0-50 cm, soil N-NO3 concentration at 50-100 cm, NO3
concentration at 100 cm-permafrost table, N-NHJ concentration at
0-50 cm, N-NHZ concentration at 50-100 c¢m, and N-NHZ concentra-
tion at 100 cm-permafrost table. Variations in soil nutrients were
assumed to be dominated by variations in total nitrogen, whereas var-
iations in ammonium (NHJ) were used as an indicator of nitrogen
released from permafrost (see Supplementary information SI.1.14 for
justification for this assumption).

All variables were standardized using z-scores (mean zero, unit
variance). Principal component analysis (PCA) was then used to sum-
marize the structure between plant growth and environmental drivers
for plant growth. We assumed linear Gaussian relationships between
variables included in the model, after a normality test with density plots
for each variable (Grace, 2006).

Due to the concern of a time lag between nitrogen being released
from permafrost thaw and the effects on plants, we fitted separate
models window-by-window from 0 to 5 years both for the growing
season and for the non-growing season. This approach (see details
SI.1.4) was used to 1) test whether a time lag of 1-2 years in SEM was an
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artefact setting and 2) account for possible time lag effects of climate
change variables (i.e., non-growing season air temperature and soil
temperature). In the final SEM, plant uptake of nitrogen released from
permafrost was assessed with a two-year time lag. Thus, the final soil-
permafrost nitrogen dataset covered the period from 1995 to 2015
while the climate and plant dataset included data from 1997 to 2017.

Skill diagnostics. The goodness of fit of SEMs was estimated by chi-
square (y2), degrees of freedom (d.f.), and root-mean-square error of
approximation (RMSEA). A path coefficient was used to indicate the sign
and strength of the relationships between two variables, which is anal-
ogous to the partial correlation coefficient or regression weight (R%;
Mallet, 1986). The standardized total effect was calculated to quantify
the contribution of all drivers to plant growth (r?). The net influence that
one variable had upon another was calculated by summing all direct and
indirect pathways (effects) between two variables. All SEM analyses
were conducted using the piecewise SEM R package.

3. Results
3.1. Soil and permafrost characteristics

Climate data show that the mean annual air temperatures (MAATS)
ranged from —4.2 to 0.8 °C from the northern to southern sites across the
Tibetan Plateau, and have significantly increased from 1975 to 2017 (p
< 0.05; Fig. S1). Annual precipitation ranged from 83.0 to 460.0 mm
across sites in the study area and changes in precipitation occurred
mainly during the non-growing season (Fig. S2). The mean soil tem-
perature at 0-100 cm depth was —2.5 + 1.7 °C, and the mean soil water
content (SWC) at 0-100 cm depth was 12.0 + 5.3% (Fig. S3). Although
air temperature increased between 1975 and 2017, soil temperatures at
0-100 cm depth showed different responses (Fig. S3). SWC of the 0-100
cm layer did not show significant changes at most sites, except for sites
AD and KXL, which showed a significant increase during the study
period. In this study, the mean active layer thickness (ALT) between
1975 and 2017 was 248.0 + 38.0 cm, and has increased on average at a
rate of 20.2 £+ 4.6 cm per decade (Fig. S4). The maximum increase in
ALT was observed at site QSH (35.8 cm per decade; Fig. S5), which is a
relatively dry, well-drained site with low ice content at the top of the
permafrost (data not shown). Based on observed ALT trends from 1975
to 2017, the 14 study sites were split into group A with significantly
positive increasing trends, consisting of TSH, QSH, SQH, GZ, MA, WQ,
ZAD, XD, ZD, HSX, and group B without significant changes consisting of
AD and BLH and with significantly negative trends consisting of KXL and
QML (Fig. S5). These two groups are hereafter used for further analyses.

During the study period, on average 83% of the roots were found
within 0-50 cm, 16% within 50-100 c¢cm, and 1% below 100 cm.
Consequently, the active layer in the following is discussed for each of
these three depth intervals (0-50 cm, 50-100 cm, and 100 cm-perma-
frost table). From 1995 to 2017, the soil bulk density was around 1.81 g
em 2 at 0-50 cm, 50-100 cm and 100 cm-permafrost tables both in
group A and group B. For group A sites, a significant change was noted in
two depth intervals: 0-50 cm and 50-100 cm, but no significant changes
were observed in the deeper layer or any depth intervals for group B sites
(Fig. S6 a and b). A t-test showed that the three layers did not reveal any
significant differences between groups A and B. Taking the depth-
specific soil bulk density and the soil organic carbon (SOC) concentra-
tion into account, SOC stock at 0-50 cm showed a significant decrease (p
< 0.01) with a rate of 0.08 kg C m~2 y~! during 1995-2017 in group A
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(Fig. S7 a). In total, 31% of the SOC within the top 50 cm has been
mineralized within the last 20 years at group A sites; however, changes
in SOC stock were not significant at deeper depths (Fig. S7 a). For the
group B sites, SOC stocks (0-50 cm, 0-100 cm and O cm-permafrost
table) revealed no significant changes (Fig. S7 b). Decomposition at
0-50 cm within group A sites did not result in any significant changes in
soil pH (Fig. S6 g) nor in any other depth intervals in group A or B sites
(Fig. S6 h).

The total nitrogen (TN) stock for the group A sites in the upper 0-50
cm layer significantly decreased (p < 0.01); in the 0-100 cm layer it
decreased as well (p = 0.055), but in the entire active layer (0 cm to
permafrost table) it significantly increased during 1995-2017 (p < 0.01;
Fig. 2 and S7 c). For the group B sites, TN stock of the 0-50 cm, 0-100 cm
and entire active layer did not change significantly (Supplementary
Fig. S7 d). The mean carbon-to-nitrogen ratio (C/N) of 0-100 cm was
10.71 £+ 2.35 for group A, which significantly increased during
1995-2017 (ranging from 8.82 + 1.01 to 13.93 + 1.78; Fig. S7 e), and
for group B, C/N of 0-100 cm was 10.42 + 1.75 (ranging from 9.52 +
1.55 to 11.61 =+ 2.66), showing no significant change during the same
period (Fig. S7 f).

3.2. Release of nitrogen from thawing permafrost and uptake by plant

Soil-permafrost cores collected from 2008 to 2017 show that the
ammonium (NHJ) concentration extracted from permafrost samples (up
to 500 cm below the surface) was approximately 100 times higher than
samples in the active layer (AL) for both groups A and B (Fig. 1c). These
observations highlighted that, upon thawing, permafrost can potentially
be an important source of NHj for plant growth if accessible via plant
roots. This motivated a controlled *°N addition at the permafrost table,
which is described below.

A stable isotopic labelling (*°N-NHZ) experiment was conducted
during 2017-2021 to explore whether NHJ released at the permafrost
table in autumn is accessible for plants. The investigation included both
deep-rooted species and shallow-rooted species. Our '>N-NHZ addition
experiment demonstrated that even by one year after addition, above-
ground plant tissue has a significant enrichment of labelled N (Fig. 3).
For group A sites with significant warming and permafrost thawing, the
15N enrichment values increase to more than 200 ug'°N gN~! in sub-
sequent years, whereas for group B sites the enrichment values increased
to 2-6 pg'°N gN~! depending on the plant species (Fig. 3). It is worth
noting that in the experiment, '°N-labelled nitrogen was only supplied
as ammonium. However, because ammonium can be converted to ni-
trate through nitrification, it is not possible to conclude here if plants
have incorporated permafrost N as ammonium or as nitrate. The ob-
servations highlight the potential for deep-rooted species to benefit from
permafrost-released N compared to shallow-rooted species.

3.3. The link between nitrogen dynamics and plant growth

Long-term trends in biologically available N and plant biomass were
used to assess the links between N dynamics driven by climate change
and plant growth. There were 85 graminoids and two deciduous dwarf
shrubs (Potentilla parvifolia Fisch. ex. Lehm. and Myricaria prostrata
Hook. f. et Thoms. ex Benth.) recorded in group A (Table ST1). The mean
species richness increased from 15.5 species m ™2 (1995) to 23.8 species
m~2 (2010; p < 0.1) and then declined to 18.5 species m~2 (2017; p<
0.05; Fig. 2; Fig. S9 a). There were 62 graminoid species and one dwarf
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deciduous shrub (Myricaria prostrata Hook. f. et Thoms. ex Benth.) in
group B (Table ST2), and no temporal trends were observed (with mean
species richness of 16.1 m'%; Supplementary Fig. S9 b). During the period
1975-2017, maximum root depth significantly increased from 66.8 +
15.2 cm to 103.7 £+ 17.4 cm in group A (Tables ST1), whereas no sig-
nificant change (from 62.7 + 6.7 cm to 75.6 £+ 5.1 cm) was noted for
group B (Tables ST2). Specific species’ root depths were not sampled for
all known plant species during the study period. However, the maximum
root depths of four plant species known to have long roots were quan-
tified in selected sites in both groups A and B (Fig. 4). For these four
plant species, the maximum root depth increased significantly. For
instance, Astragalus melanostachys roots changed from 52.1 + 5.9 cm in
1995 t0 69.7 + 5.3 cm in 2017 at group A sites, but no significant change
was observed at group B sites (Fig. 4c). Furthermore, convergent
crossing mapping (CCM) was conducted between the variation of
maximum root length and variation of nitrogen at 50-100 cm depth,
which showed a positive correlation during the period 1995-2017. The

CCM results suggest that variations in soil nitrogen at 50-100 cm appear
to be a stronger driver for changes in maximum root length than an
increase in the root growth is a driver for the soil nitrogen content in the
same depth interval (Fig. S10).

Subsequently, we compared the annual aboveground biomass in
September between group A and group B from 1995 to 2017
(Table ST3). The mean aboveground biomass for September was 234.5
+ 8.0 gm~2 for group A and 249.4 + 6.9 g m~2 for group B. Though a t-
test revealed no significant differences between group A and group B,
the aboveground biomass at group A sites increased significantly during
1995-2002 (p < 0.05) but decreased significantly during 2003-2012 (p
< 0.01; Table ST3). For group B, the aboveground biomass did not show
any significant changes in the two periods of 1995-2002 or 2003-2012.

Interestingly, from 2008 to 2020 at permafrost thaw sites (group A
sites), the plant species-specific results showed no consistent patterns of
root length increase or biomass accumulation, either aboveground or
belowground, such as at site XD (Fig. S11). For the deep-rooted species,
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Fig. 4. Changes in maximum length of plant species—specific roots in four deep-rooted species at group A and B sites from 1995 to 2017. a is Carex moorcroftii Falc.
Ex Boott, b is Kobresia littledalei C. B. Clarke, c is Astragalus melanostachys Benth., and d is Oxytropis pauciflora Bunge. Vertical bars represent one standard deviation,
n = 4. ** indicate significant differences (p-value <0.05) between group A and group B sites.

Anemone imbricata Maxim. and Oxytropis glacialis, root length increased
significantly with aboveground biomass increase, while the shallow-
rooted species, Leontopodium pusillum (Beauv.) Hand. -Mazz. and Het-
eropappus bowerii (Hemsl.) Griers., showed no changes in root length or
aboveground biomass. Furthermore, the root length of Saussurea wellbyi
Hemsl. decreased significantly, while aboveground biomass increased
significantly. This result suggests that shallow-rooted species can be
affected differently by climate change from deep-rooted species on the
Tibetan Plateau. Specifically, shallow-rooted species seem to be able to
benefit from increasing near-surface mineralization associated with AL
warming, while deep-rooted species significantly increased in both root
length and aboveground biomass, which could be due to the increased N
availability linked to permafrost thaw.

4. Discussion
4.1. Permafrost nitrogen

In permafrost-affected ecosystems, N acquisition for a plant is mainly
restricted to the active layer soil (Blume-Werry et al., 2019; Iversen
etal., 2015). The underlying permafrost table is an impermeable barrier
that restricts the movement of water and dissolved nutrients (McNamara
et al., 1999). But thawing permafrost can be considered a source of N, as
top permafrost layers generally consist of a higher concentration of
ammonium (NHJ) than the active layer above (Hansen and Elberling,
2023). However, plant uptake of N near the permafrost table depends on
the form in which N is released and that roots are present to utilize the N
source. On the Tibetan Plateau, we report here that permafrost soils
predominantly hold inorganic N in the form of NHf (2-4 mg N kg~ DW)
and roughly 100 times higher concentrations than observed in the active
layer. In contrast, permafrost nitrate (NO3) concentrations were low.
These observations are consistent with observations from the Arctic
(Beermann et al., 2017; Elberling et al., 2010; Hansen and Elberling,
2023). However, NH} has the potential to be converted into NO3 via
nitrification in the presence of oxygen (Oulehle et al., 2016), but has not
been documented in this study. While NHJ has relatively low mobility

and is preferred by most plants (Clemmensen et al., 2008), NO3 is more
soluble and has a higher export potential (Pedersen et al., 2022). Hence,
the N-form upon release, N-processes and abiotic transport processes
within the soil profile and along hydrological gradients may contribute
to determining both the transport potential of N and the
temporal-spatial tends in plant access to N in a permafrost-affected
landscape.

4.2. Root utilization of permafrost nitrogen

One mechanism by which plants can utilize N released from thawing
permafrost is by living root reaching the permafrost table and taking up
N at the point of release as suggested by Keuper et al. (2017) for a
shallow peatland and Pedersen et al. (2020) for mineral soil with a
maximum thaw depth of about 1 m. In the present study, the mean depth
to the permafrost table was 248 + 38 cm (Fig. S4), which makes it more
difficult for plant roots to reach the point of N release. However, our
stable isotopic labelling (>N-NHZ) experiment shows that aboveground
plant tissue had a significant amount of labelled N incorporated already
one year after the addition of >N-NH} at the permafrost table (Fig. 3).
As shown, uptake within a year was only significant for plant species
known to have long roots and observed to have live roots reaching at
least 2.4 m (SI 1.3.) below the surface.

We show that plants have been able to utilize nitrogen being added to
an average depth of 3.3 m below the surface (mean thickness of the
maximum active layer) and even as deep as 3.6 m below the surface at
site XD corresponding to the maximum active layer thickness and
deepest injection depth. This active layer thickness is far deeper than
previously reported for the Arctic (Blume-Werry et al., 2019; Finger
et al., 2016; Riley et al., 2018) and critical for plants living on the Ti-
betan Plateau in order to benefit from N released from thaw permafrost.
These observations suggest that plants potentially can utilize nitrogen in
the form of ammonium near the permafrost table, and that thawing
permafrost therefore can be an important source of NHJ for plants with
long plant roots as previously suggested (Elberling et al., 2010; Salmon
et al., 2018). However, observations do not exclude that abiotic
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transport processes may also influence the vertical distribution of added
N and thus the depth of actual N uptake by plants as further discussed in
Hansen and Elberling (2023). We therefore conclude that the relative
importance of different transport mechanisms remains unclear but ap-
pears to function on a short time scale.

Our field observations of plant species being able to utilize additional
N from soils below the main root zone and even near the permafrost
table are aligned with previous reports from the Arctic (Keuper et al.,
2017; Pedersen et al., 2020). However, it is less well documented how an
additional N source below the main root zone related to warming and
permafrost thawing can influence plant growth and plant composition.
Results from our sites (group A sites) showed a clear response over time
with respect to vertical maximum root depth increase (p < 0.01) and
species composition, while this was not observed for group B sites
(Fig. S9). At group A sites with significant permafrost thawing and active
layer warming, deep-rooted plant species have significantly increased
root length (Fig. 4), which indirectly suggests that despite most roots
being near the surface, the capability to utilize N at further depths has
increased.

4.3. Climate change and plant community composition

In order to quantify how climate change via AL warming and
permafrost thawing can influence plant growth and plant species rich-
ness, we have applied a piecewise structural equation model (SEM). This
allows us to differentiate between direct and indirect effects on plants
including thermal conditions (air temperature, growing degree days, soil
temperature at 0-50 cm and 50-100 cm and ALT), water availability
(soil moisture at 0-50 cm and 50-100 ¢cm) and soil nutrition (N-NO3 and
N-NHjZ concentrations for 0-50 cm, 50-100 cm, 100 cm-permafrost
table). The SEM model (Fig. 5) highlights the importance of the
maximum root length (R% = 0.76) over growing degree days (R* = 0.59)

X?=4.11 d.f=3 RMSEA=0.04 Precipitation + Ice Melt
- Unfrozen Water - Evaporation

== Positive mmmm Negative T
1

Temperature -0.46
Air Temperature

Water Balance
Soil water content

3
0
%
6£0-

Growing \0.80 Active Layer\ o1 Permafrost
Warmin, Thawin
S egreeDay Tsoil No3-g ALT NH;g
) 0 o
i K s 3
r’=0.72 =0.69
Plant Growth < 0.76 Max. Length
Aboveground Biomass
Species Richness of Root

Fig. 5. The structural equation model (SEM) quantifies the direct and indirect
pathways of climate change on ecosystem changes, measured as plant growth
through additional nitrogen availability due to either active layer warming or
permafrost thaw, based on data from group A sites during 1995-2017. The
numbers shown by the arrows are the standardized path coefficients and
indicate the effect size of the relationship between two variables. Arrow widths
are proportional to the path coefficient values. Only significant relationships
are shown (p < 0.05). Red and blue arrow lines indicate positive and negative
relationships, respectively. The chi-square statistic (x%), degree of freedom (d.f.)
and the root-mean-square error of approximation (RMSEA) are shown in the
upper left-hand corner of the figure. For more details, please see Supplementary
information SI.1.14.
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and active layer warming (R?> = 0.44). The change in the maximum
length of roots is roughly equally controlled by the active layer warming
(R? = 0.66) and permafrost thaw (R? = 0.68). The SEM results suggest
that N released from thawing permafrost can be an important N source
in addition to other N sources within the active layer.

The additional >N experiment results and the SEM model results
combined suggest that deep-rooted plant species benefit from AL
warming and permafrost thawing, while shallow-rooted species benefit
mainly from GDD. Overall, 72% of plant growth could be explained by
maximum root depth, AL warming, and GDD together, whereas 69% of
the variation in the maximum root depth could be explained by AL
warming and permafrost thawing (Fig. 5).

This result suggests that long-term species composition may depend
on how different species benefit from near-surface warming versus
permafrost thawing. Also, future grazing by yaks or other large wild
animals may influence long-term changes. In this study, all sites were
fenced off to avoid grazing by yaks, but grazing by Ochotona curzoniae
remains an unknown factor, which should be considered in future
studies. It is noted that more than 1/3 of the near-surface organic carbon
has been mineralized, probably due to climate warming, among other
factors, and this has resulted in a major near-surface inorganic N source.
The N source linked to thawing permafrost is more complicated, as the
source is available at the end of the growing season and the permafrost
tables at most sites are below the main root zone.

Overall, the vegetation on the Tibetan Plateau has responded to
recent changes in climate (Zhang et al., 2013), but has also been influ-
enced by geography and other factors (Huang et al., 2022). Thus, ni-
trogen as a nutrient source for increased plant growth and changes in
vegetation composition is only one factor among several. This study
highlights that despite a deep active layer, thawing permafrost can
release inorganic N, which deep-rooted plant species can utilize as an
additional source. On the other hand, future work is needed to quantify
the importance of permafrost N in relation to other N sources when it
comes to the more general vegetation changes observed on the Tibetan
Plateau.

Vegetation composition changes and root dynamics in permafrost
regions have important additional implications for ecosystem C cycling
(Blume-Werry et al., 2019). The increase in root length, root exudates
and litter input may provide more C and N under warmer conditions
(Salmon et al., 2018; Blume-Werry et al., 2019). The marked increase in
the SOC content of the 50-100 cm layer and the change in the C/N ratio
at group A sites suggest that changes in vertical root distribution could
lead to additional root litter in the 50-100 cm layer and thereby explain
an increase in SOC.

5. Conclusion

We conclude that (1) the permafrost samples collected contained
higher levels of ammonium than the active layer and that ammonium is
released upon thaw; (2) permafrost thaw with corresponding released
ammonium can be an important source of inorganic nitrogen; (3) active
layer warming has resulted in correspondingly enhanced soil organic
matter mineralization within the top 50 cm; (4) permafrost thaw and
active layer warming in combination have led to significant changes in
plant species composition and growth; (5) the SEM analysis indicates
that changes in climate affect both permafrost thaw and active layer
warming and thereby explain 69% of the observed changes in maximum
root depth and 72% of the observed changes in plant growth.

The combination of labelled ammonium addition (15N), repeated
field drilling and plant survey and SEM analysis revealed important links
between changes in nitrogen availability and increase in the maximum
root depth, which suggest that the vegetation has benefitted from new
nitrogen sources and has affected species composition and plant growth.
Such changes are expected to have important long-term implications for
the ecosystem and people living on the world’s highest land.
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