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Phosphorus (P) is an essential nutrient for living systems and is critical to the
functioning of ecosystems. Permafrost areas have a huge reservoir of soil P
that is currently not used very much; however, the direction and magnitude of
changes in soil P stocks across the Tibetan alpine permafrost regions over
recent decades remain unclear and the P budget has not been well assessed.
Here we use a unique combination of a soil resampling method and a modified
process-balanced model to assess the historical dynamics of soil P pools
(0-30 cm depth) and the key flows of P in ecosystems across Tibetan alpine
permafrost region. Compared with the 1980s, the soil P stock decreases dra-
matically by 36.1% in the 2020 s, decreasing from 346.5t0221.4 TgP (1 Tg =
10" g) during the last three decades. Water erosion accounts for 82.3% of the
total soil P outflow. Our projections suggest that the soil P stock will only be

20.3% of the 1980s stock by the end of this century, leading to an unprece-
dented crisis of P limitation in permafrost regions.

Phosphorus (P) is a key element in organic molecules (e.g., nucleic
acids, ATP and phospholipids) and has an important role in regulating
the growth, development and reproduction of living organisms'™*.
Permafrost regions occupy about 24% of the land surface in the
northern hemisphere’, but their soil P reserves account for >30% of the
northern hemisphere total (soil depth of 0-30cm, calculated
according to ref. 6). Permafrost soils contain a huge reservoir of P as a
result of the rejuvenation of soils, weak leaching processes and the low
uptake of nutrients by plants, and can therefore be regarded as
important reserves of P in terrestrial ecosystems®.

The recent rapid changes in the Earth’s climate are simulta-
neously causing the widespread degradation of permafrost’ and
altering the hydrology of high-latitude/high-altitude regions®,
exposing mineral nutrients previously protected in permafrost to
transport and processing in lakes, rivers, and estuaries®’®. The
unidirectional flow of P from terrestrial ecosystems to freshwater
bodies and, eventually, the oceans is considered to be the
greatest sustainability challenge in the P cycle'. The redistribu-
tion of P on spatiotemporal scales could regulate the composition

of local, downstream, and even coastal plant communities, as well
as the net primary productivity and health of the environment'*",
In addition, the availability of P alters the trajectory of the per-
mafrost carbon (C) cycle by influencing gross primary pro-
ductivity and net ecosystem productivity**, and the associated
fluxes of C in aquatic sediments" by influencing soil microbial
processes and greenhouse gas emissions. This can have a positive
or negative feedback role in global climate change. Therefore,
quantifying the temporal changes of the P stored in permafrost is
crucial and urgently needed in guiding strategies to tackle the
grand challenge of future P limitation'¢, as well as the environ-
mental crisis caused by huge losses of P into water bodies that
pushes the Earth’s environment to its boundary, beyond which
come abrupt environmental changes with catastrophic
impacts''s,

Several approaches have been used to explore the historical
dynamics of soil P, including soil sample analysis and P budget
models™'**, The resampling method can accurately estimate histor-
ical changes in the soil pool of elements at large spatial scales” .
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Process-balanced modeling approaches have been used to detect P
flows and their drivers in cropland soils over time'?, demonstrating
that water erosion", absorption by plants', food production*?° and/or
the recycling of animal manure®* might have a major impact on the soil
P balance. Despite advances in our understanding of the P budget over
recent decades, substantial uncertainties remain about how much P is
lost from soils"'**?¢, The main cause of these discrepancies is that
our understanding of current processes and historical soil nutrient
availability data are lagging behind the needs of mass balance
models”.

As the largest extent of alpine permafrost in the world®, the
Tibetan Plateau is an important pool of mineral nutrient elements
globally, with 25% of the material flux reaching the ocean coming
from this area, despite the fact that it represents only 5% of the
Earth’s land surface®”. A few studies have used observations from
non-resampling methods to explore the historical changes in
total P*° and available P (AP)* in alpine soils. However, the
quantity of SPS that have been lost across Tibetan alpine per-
mafrost regions over recent decades remains unclear, and the P

Model of P flow

Historical trajectories

Current assessments

budget of permafrost has not been well assessed. Moreover,
substantial uncertainties exist in the projected direction and
magnitude of soil P changes, originating from the scarcity of
observational broad-scale soil resampling data.

In this study, we used a unique combination of soil resampling and
model simulations to assess the temporal changes of soil P pools and
the key flows of P in the Tibetan alpine permafrost region (Fig. 1). First,
we performed a broad-scale repeat soil survey to obtain data for the
soil P density (SPD) in the 1980s and the 2020s. We then built a
process-based model of the P flow in ecosystems (MPFE) to simulate
changes in the soil P budget from the 1980s to the 2020s according to
the mass balance principle. A notable difference between this work and
previous studies is that the soil P data were repeatedly measured in situ
for the two time periods to verify and improve the accuracy of the
MPEF. We predicted the soil P budget up to the year 2100 using the
MPEF according to the Shared Socioeconomic Pathway (SSP) SSP1-2.6,
SSP2-4.5, SSP3-7.0, and SSP5-8.5 future climate scenarios, providing
scientific support for predicting future P balances in permafrost
regions.
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Fig. 1| Schematic model of P flow in ecosystems (MPFE) in the Tibetan alpine
permafrost region. The MPFE includes historical trajectories, current assessments,
and future predictions of the soil P budget. The soil resampling P data provided the
dynamic background of soil nutrients used to verify and improve the accuracy of
the MPFE. The proven MPFE was then used to predict the soil P budget until 2100
according to different scenarios. The MPFE consists of the main key P inflow
(weathering, atmospheric deposition, fertilizer, the deposition of livestock
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excretions, and the return of plant litter) and outflow (plant absorption, soil ero-
sion, and dissolved P in runoff) subsystems. The net change in the soil P is the P
inflow minus the P outflow. The plant-related P flows are defined as
plant-animal-human consumption systems, consisting of three subsystems:
grass-animal-human consumption system, forest-human consumption system and
crop-animal-human consumption system. The boundary of the Tibetan Plateau
was sourced from Zhang et al.”*,
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Fig. 2 | Changes in soil P density and stock from the 1980s to the 2020s based
on resampling observations. a Frequency distributions of the soil P density during
the two sampling periods. The soil P density is fitted with a In-normal distribution
and the horizontal axis is displayed on a In scale. The frequencies of samples are
shown as bars, with the curves for the probability density functions shown as
orange (1980s) and blue (2020s) lines. b Relationships between soil P density in the
1980s and the 2020s. The soil P density is fitted with a in-normal distribution. The
dashed line indicates the ordinary least-squares fit of the linear equation for soil P
density between the two sampling periods. The shading accompanying the dashed
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fitted line represents the 95% confidence interval. ¢ Changes in the soil P density
during the two sampling periods. The temporal changes of the soil P density were
examined with linear mixed-effects models in which the fixed effect was the sam-
pling period and the random effect was the sampling plot. Asterisks indicate that
the null hypothesis could be rejected at a significance level of **0.01 and ***0.001.
The standard errors are indicated in part c. The error bars represent 95% confidence
intervals. d Changes in the soil P stock derived from the large-scale resampling
investigations. The change in soil P stock was calculated based on the P density and
the proportion of each soil type in a given ecosystem.

Results and discussion

Rapid decreases in soil P since the 1980s

We built a unique dataset composed of two parts separated by three
decades of time to evaluate the spatiotemporal changes in the density
and stock of P in topsoil (0-30 cm depth) across the alpine permafrost
regions of the Tibetan Plateau (Supplementary Figs. 1, 2, Supplemen-
tary Method 1 and Supplementary Table 1). There was a significant
positive correlation between the SPD in the 1980s and 2020s (R? = 0.32,
P<0.001), indicating that the spatial pattern of the SPD had not
changed significantly in the past three decades (Fig. 2a, b). However,
the SPD showed a significant decrease across the alpine permafrost
regions from the 1980s to the 2020s, with the mean SPD decreasing
from 1583.8 (+67.6 SE) to 1046.4 (+32.0 SE) kgPha™ (P<0.001)
(Fig. 2¢). Further analyses revealed that the SPD tended to decrease
among 190 of the total 255 resampling plots and the decline in SPD
remained significant until >240 resampling plots were removed from
the initial analysis with 255 resampling plots (Supplementary
Figs. 3 and 4), demonstrating the robustness of SPD dynamics
observed in this study. This decreasing pattern held true in alpine
grassland, forest and cropland ecosystems (P < 0.01), with the net loss
of SPD estimated to be 533.5kgPha?, 414.8kgPha™, and
715.0 kg P ha™, respectively (Fig. 2c, Supplementary Figs. 3 and 4). The
rapid decrease in soil P (14.9 kg ha™ yr™) across the Tibetan Plateau was

within the range of the global soil P depletion rate (4-19 kg ha™ yr?)".
In terms of the spatial pattern of historical changes in the SPD, the
largest decreases in SPD occurred in the central and northeastern
Tibetan Plateau, whereas the smallest decrease in SPD was in the
western Tibetan Plateau (Supplementary Fig. 3). This may be related to
the spatial differences in the quantity of water-induced P loss (Sup-
plementary Fig. 5).

The SPS of the Tibetan permafrost regions decreased dramatically
by 36.1% in the 2020s compared with the 1980s, with a gross regional-
scale change in the surface SPS 0of 125.1 Tg P (1 Tg =10 g) over the last
three decades (P<0.01) (Fig. 2d). The average net soil P loss of the
three ecosystems was approximately 3.5 TgPyr™, which is roughly
four-fifths of the annual application of chemical P fertilizer to farmland
in China (4.2 TgP yr™) and one-fifth of the annual application of che-
mical P fertilizer globally (16.4 Tg P yr™) (Supplementary Fig. 6). Such a
rapid depletion in SPS over a short period of time has not previously
been detected and poses a potential crisis in the limitation of P in
terrestrial alpine permafrost ecosystems.

Historically negative budget for soil P

The database of the MPFE model developed to simulate the historical
trajectories of the P budget consists of the main key P inflow and
outflow subsystems (e.g., weathering, atmospheric deposition,
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Fig. 3 | Change in soil P density between observations and simulations from the
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responding observations in each county. The effect of measurements on the soil P
density was examined with linear mixed-effects models in which the fixed effect
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was the method and the random effect was the sampling plot and county. The
effect of methods on soil P density was considered significant if P<0.05. The
dashed lines indicate the ordinary least-squares fit of the linear equation of changes
in soil P density between the observations and simulations. The shading accom-
panying the dashed fitted line represents the 95% confidence interval.

fertilizer, absorption by plants, the deposition of livestock excretions,
the return of plant litter, livestock feed, livestock, forest and grain
products, the burning of firewood and soil erosion) (Supplementary
Method 2 and Supplementary Table 2). Similar to conventional mod-
eling approaches™**, we compared our calculations of the main P
inflow and outflow subsystems with those of other studies. Most of our
modeled P flows were well within the range of published P flows
(Supplementary Tables 3-5). To further test the accuracy of our model,
we compared the observations and simulations of the change in the
SPD between final and first years of observations (Fig. 3a, b). We found
three important results: (1) there was fairly good agreement between
the simulated and observed temporal changes in SPD at the plot scale
(R*=0.87, P<0.001) and county scale (R>=0.90, P<0.001); (2) the
results of the slope test indicated that the simulated and observational
data either increased or decreased in equal proportions (P> 0.05); and
(3) the mixed-effects model showed no significant difference between
the geometric mean of the observed and modeled SPD (P> 0.05). For a
few plots, however, the model had difficulty in capturing the observed
temporal changes in SPS. This could have been related to the thin soil
thickness used to calculate the SPS preventing us from accounting for
vertical migration, or for the uptake of P by plant roots®.

The inflow density of P increased slightly from 4.5, 4.4, 4.7 and
16.2kgPhayr? to 4.8, 4.6, 4.8, and 39.3 kg P ha™ yr for the overall
ecosystem and the grassland, forest and cropland ecosystems,
respectively, from the 1980s to the 2020s (P<0.001) (Fig. 4a-d).
Weathering made the highest contribution to the soil P inflow (70.4%)
under the effects of the freeze-thaw cycle® and glacial denudation*
(Supplementary Discussion 1). The P outflow density decreased sig-
nificantly from 25.6, 26.4, and 20.6kgP ha’yr® to 18.9, 19.4, and
15.4 kg P ha™ yr! for the overall ecosystem and the grassland and forest
ecosystems, respectively, from the 1980s to the 2020s (P<0.01)
(Fig. 4a—c). The P outflow density of the cropland ecosystem increased
significantly from the 1980s to the 2020s (P < 0.01) (Fig. 4d). However,
the soil P outflow far exceeded the soil P inflow, and therefore the total
soil P budget in the alpine permafrost region of the Tibetan Plateau was
negative during the last three decades.

Over the same time period, the absorption of P by plants and the
dissolved P in runoff accounted for only a small proportion of the total
P outflow (13.7%) (Fig. 4e-h, Supplementary Figs. 7 and 8). Among the
sub-terms of the absorption of P by plants, the mean annual con-
sumption of P by humans was only 0.3, 0.1, 0.3 and 38.6 kg P ha™ yr™
for the overall ecosystem and the grassland, forest and cropland
ecosystems, respectively, between the 1980s and 2020s

(Supplementary Fig. 9a-d). Since 2006, the implementation of energy
substitution projects® has led to a significant decrease in the con-
sumption of P by burning animal dung and firewood (Supplementary
Fig. 9 and Supplementary Discussion 1). The interannual change in
dissolved P was not significant due to the spatial heterogeneity of
precipitation across the alpine permafrost region of the Tibetan
Plateau®, whereas the increased absorption of P by plants was caused
by the recent favorable climatic conditions for plant growth” (Sup-
plementary Discussion 1).

Erosion caused the largest outflow of soil P across the Tibetan
Plateau (86.3%) (Fig. 4e—h and Supplementary Fig. 10). Our estimates
were further verified by other measurements, such as model simula-
tion and isotope tracing methods (Supplementary Table 4), as well as
the seven main regional riverine exports of P (Supplementary Table 5).
Among them, the outflow of P caused by water erosion (82.3%) was far
greater than that caused by wind erosion (4.0%) (Supplementary
Fig. 10). Our area-related calculations resulted in an average outflow of
P from the alpine permafrost region caused by water erosion of about
16.1kg P ha™ yr! (Supplementary Fig. 10a), which is slightly higher than
that of previous calculations worldwide (Supplementary Table 6). The
annual precipitation is concentrated in the summer months, and the
complex conditions of differences in elevation, low vegetation cover-
age, and the weak resistance to erosion all lead to strong water erosion
in this alpine permafrost region”.

The recent trend of warming and humidification has led to the
degradation of glaciers and permafrost soils. The increased duration of
soil thawing and the advance of the start date of soil thawing could
intensify the erodibility of alpine soils and hence increase the supply of
sediment®*. Previous research on northern rivers has established
marked increases in discharge and the oceanward flux of alkalinity and
associated ions across the pan-Arctic region since the early to mid-
20th century, which has been attributed to intensification of the
hydrological cycle*’. However, the increase in vegetation coverage
caused by the warming and humidification on the Tibetan Plateau may
reduce the intensity of erosion. The insignificant historical change in
water erosion across the Tibetan Plateau may have arisen from the
counteracting effects of rainfall erosivity factor and vegetation factor
(Supplementary Fig. 11). Even if the intensity of soil erosion shows
marginal historical changes, the outflow of soil P caused by erosion
gradually decreases due to the continuous reduction in soil P con-
centrations. In addition, the widely distributed floating dunes and
desertification in the northwest Tibetan Plateau, on the banks of the
Yarlung Zangbo River and in the Qaidam Basin, provide abundant
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sources of material for wind erosion®.. Dust aerosols can easily enter
the middle and upper troposphere and be transported for long dis-
tances over East Asia and the Pacific Ocean due to a combination of the
high terrain and intense atmospheric activities over the Tibetan
Plateau®.

Potential scarcity of soil P by 2100

Our results highlight that the outflow of soil P will be higher than the
inflow of soil P throughout the 21st century, although the loss of soil P
gradually decreases under the SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-
8.5 scenarios (Fig. 5a, b and Supplementary Fig. 12). In general, the
future outflow of soil P in the alpine permafrost region is still domi-
nated by erosion and absorption by plants (Fig. 5c), whereas the
amounts of P outflow from human consumption and dissolved P in
runoff are relatively low (Supplementary Fig. 13). The accumulation of
biomass increases the P demand of plants under improved growth
conditions for alpine plants (caused by warming, humidification and
CO, enrichment) and extension of the length of the growing season®*,
During the next few decades, the amount of soil P absorbed by plants
may become gradually closer to the outflow of soil P caused by erosion
and become a non-negligible cause of soil P deficiency in perma-
frost areas.

The results of the change-point tests showed that soil P will con-
tinue to decrease rapidly from the 2020s to the 2050s, with an average
rate of 10.0 kg P ha™ yr™ (Fig. 5d). The projected net loss of soil P will
then gradually slow down, with the mean rate decreasing to
6.8 kg P ha™ yr' by the end of the 21st century (Fig. 5d), mainly due to a
decrease in the amount of P outflow via erosion. The predicted mean

cumulative loss of the SPS for the four scenarios by the end of this
century is 152.3 Tg P (Supplementary Fig. 14), which is just 20.3% of the
1980s stock, and thus highlights a serious challenge for future nutrient
management and sustainable development in permafrost regions.

Implications and actions
Compared with previous P budgets*''?2**4* the challenge of P scar-
city is more concerning in permafrost areas. Large disparities between
the inflows and outflows of P in permafrost regions impose constraints
on the function of terrestrial and associated aquatic ecosystems, such
as productivity, the maintenance of biodiversity, and C sequestration.
Arctic and alpine permafrost ecosystems are generally considered
to be nitrogen (N) limited”, and the rapid loss of soil P could increase
the risk of P limitation in permafrost regions. Particularly, soil AP in the
grassland ecosystem (occupying the largest area of the Tibetan Pla-
teau) also decreased significantly, indicating that the soil P supply
became insufficient (Supplementary Discussion 2). During the last few
decades, an enhanced supply of available N in soils derived from the
release of originally frozen N or accelerated N mineralization has been
observed with climate warming or the thawing of permafrost™**°,
This imbalance in the availability of soil N and P may have a profound
impact on the plant productivity and species diversity of terrestrial
ecosystems by affecting the metabolism, growth rates, and repro-
duction, and therefore the life histories and competitiveness, of var-
ious microbes and plants**’*8, Consistent with this assumption, recent
manipulation studies in alpine permafrost grasslands have suggested
that increasing the availability of soil N can exacerbate P deficiency due
to the unbalanced nutrient inputs*’. The soil P status has become the
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key constraining factor regulating the gross primary productivity of
permafrost and net ecosystem productivity'.

Large amounts of soil P are transferred from the permafrost to
adjacent lakes and rivers, followed by transport to the coastal oceans®,
contributing to the potential risk of decreasing biodiversity and the
production of algal blooms, and thereby threatening the health of the
environment. The global losses of P from the land to freshwater bodies
have doubled in the last century®®. There is a broadly articulated
expectation that the thawing of permafrost will increase the transport
of nutrients to aquatic networks under warming conditions®.
Although observational data have confirmed that most permafrost
lakes show low rates of eutrophication, phytoplankton concentrations,
and turbidity®, some lakes have experienced a decline in water quality
and changes in their algal communities in recent years’>*’. For
instance, previous studies found that total P concentrations in 7 lakes
have exceeded the eutrophication threshold set by the OECD
(>35mg L™)**** as well as exhibited a significant increasing trend for
both prokaryotic and eukaryotic microorganisms over the past several
decades®. At the same time, the flux of P to water bodies has been
found to alter the global C cycle”—for example, more productive
aquatic ecosystems are hotspots of methane delivery to the atmo-
sphere and store more organic C in permafrost riverbeds® and ther-
mokarst lakebed sediments®**’. A model simulation study suggested
that increasing the P loading in lakes and impoundments will increase
their methane emissions by up to 30-90% over the next century*®, and
thus affect the trajectory of ecosystem C fluxes and exacerbate global
climate change.

These model-prediction data imply that reducing the rapid loss of
soil P is an urgent task in permafrost regions. At present, however,
sustainable P management strategies are absent in these regions, as
well as at the global scale. By the end of 2020, more than 500 scientists
had signed a Call for International Action on Phosphorus, a petition
calling on governments to support addressing the P emergency by
coordinating action across five key sectors (agriculture, food con-
sumption and production, waste management, mineral resource
management, and aquatic resource management)". In 2022, the Our
Phosphorus Future 50:50:50 Goal helped raise the profile of sustain-
able P management, calling for a 50% reduction in global P pollution
and a 50% increase in the recycling of P lost in residues and wastes by
2050". Although reducing the anthropogenic demand for P by
avoiding the excess consumption of products and biomass energy
(e.g., burning livestock dung and firewood) could improve the return
of nutrients to the soil and compensate for some of the outflow of soil
P in permafrost regions, it is difficult to achieve this goal. Nevertheless,
soil and water conservation, an approach beyond these five key sec-
tors, needs to be taken into consideration because of the high rate of P
loss caused by erosion expected until 2050.

Agricultural practices may be able to reduce P loss by adopting
conservation agriculture, sustainable farming practices, increasing the
utilization of animal manure, or using management systems with
increased use of residue inputs*. However, in the long-term, a
reduction in P losses through mitigating soil erosion (e.g., mulching,
increased vegetation cover, intercropping and conservation agri-
culture), will be the most effective approach, and it will simultaneously
enhance soil health, the general nutritional status of the soil (e.g., P and
N), and water retention capacity". Although leguminous plants will
mainly improve the N rather than P status of the soil, a recent review
found that leguminous crops can utilize less accessible forms of P
under P-deficient conditions via several mechanisms, including shap-
ing a more refined root structure, releasing root exudate, and
strengthening the connection with mycorrhizae®. Alfalfa (Medicago
sativa L. Alfking), a leguminous plant, is a high-quality forage type
widely cultivated on the Tibetan Plateau®®, and thus growing/inter-
cropping with alfalfa may be one of the effective ways to alleviate P
limitation in cropland.

Limitations and future improvements

Although this study presents a temporal and spatial summary of P
cycles across the alpine permafrost regions of the Tibetan Plateau from
the 1980s to the 2020s, the flow quantification methods and datasets
are not without their limitations.

There may have been some subtle changes in soil types over the
past three decades. For example, afforestation, conversion of cropland
to forest and grassland, and an upward shift in forest lines could result
in interconversion of ecosystems and soil types on the Tibetan Plateau.
The lack of continuous, high-precision data on spatial soil types may
have led to some bias in our estimation of historical SPS changes.

The annual soil P concentration can provide precise data for
estimating the SPS and improving the accuracy of the MPFE model.
However, annual survey sampling for such a large area is very difficult
because of the huge challenges in terms of labor and experimental
costs. We used a space-for-time substitution method to interpolate the
soil P concentration of missing years from the 1980s to 2020s, which
may translate to discrepancies with the actual soil P concentration for a
given year.

Our analysis presents a potential soil P crisis in the Tibetan alpine
permafrost region, but the P cycle process is extremely complex, with
both climatic factors (i.e., warming and humidification) and human
activities possibly causing potential prediction uncertainties. For
instance, the warming climate of the Tibetan Plateau is expected to
enhance mineral weathering and may potentially promote the avail-
ability of soil P, while increasing precipitation (in both amount and
magnitude) is expected to have negative impacts on SPD by accel-
erating water erosion (Supplementary Fig. 15). Some studies have
found that plants can alleviate the limitation of P by promoting
mycorrhizal symbiosis®, activating mineral-bound P and uplifting P
(biological pumping) from the deep soil layer®. It is very difficult for
our model to capture these complex climate feedback mechanisms or
ecological processes. Although the overall lower intensity of human
activities has a relatively small impact on soil P changes (Supplemen-
tary Fig. 15), the local construction of highways/railways and mining
may increase surface disturbances®, thereby accelerating erosion and
the migration rate of P. For those variables, regional-scale data are not
yet available for the Tibetan Plateau, which may also cause potential
prediction uncertainties.

It should be pointed out that the relative importance of P and
other resource limitations (e.g., N and water) varies under different soil
degradation scenarios. For example, substantial soil P was translocated
to plant biomass (grassland root and forest biomass), with the soil
remaining well-preserved, and P limitation may become intense in the
presence of a continuous decline in soil P. If soils are completely lost
and new soil formation begins from bedrock, however, P availability
may increase due to the weakened soil shielding effect and increased
rock weathering caused by the frequent freeze-thaw effect®, thereby
leading to N and water possibly becoming more limiting factors.

The analysis presented in this paper is a systematic attempt to
assess the historical changes in soil P pools and the key flows of P in
permafrost regions using a unique combination of a soil resampling
method and a modified process-balanced model, but both the meth-
odology and spatial resolution of the MPFE model need additional
work. For instance, the soil AP varies greatly in different months and
seasons in permafrost areas due to the strong freeze-thaw effect®*®,
Therefore, high-temporal-resolution soil AP data need to be incorpo-
rated into the MPFE model in the future. Furthermore, due to the large
differences stemming from the inefficient conversion from feed to
meat (less than 10%, compared to 30% for crop production), changes in
dietary structure across the Tibetan Plateau may lead to changes in P
demand’®. More accurate data on eating preferences and populations
need to be incorporated into the MPFE model in the future.

Despite these limitations, we believe the conclusions of the pre-
sent study broadly reflect the temporal trends of P cycle dynamics
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across the alpine permafrost regions of the Tibetan Plateau. Moreover,
this study provides a useful framework for future quantitative analysis
of the P biogeochemical cycle.

Methods

Study area

The Tibetan Plateau, with an average altitude higher than 4000 m,
covers the whole of the Tibet Autonomous Region and Qinghai Pro-
vince, some of Gansu, Sichuan, and Yunnan provinces, and the Xinjiang
Uygur Autonomous Region. The Tibetan Plateau covers the area
(25.99-39.82°N, 73.50-104.67°E) (Supplementary Fig. 1). The Tibetan
permafrost accounts for 75% of the area of alpine permafrost in the
northern hemisphere®®. The Tibetan Plateau has experienced sig-
nificant increases in the mean annual temperature, by 0.4°C
decade™®, and precipitation has also shown a general upward trend
during the last three decades®. An increase in warming, moisture-
induced thawing of the permafrost, and increased erosion have all
been reported in recent decades®*’. The two dominant natural eco-
systems on the Tibetan Plateau are alpine grassland and forest®®. The
main herbaceous species in the alpine grassland are Kobresia pygmaea,
Kobresia littledalei, Stipa purpurea, and Stipa glareosa®. The main
woody species include Abies georgeivar, Picea likiangensi, Picea cras-
sifolia, Abies faxoniana, Picea brachytyla and Betula albo-sinensis’. The
croplands are mainly located in the gullies and valleys of Huangshui,
Yarlung Tsangpo River, Lancang River, Niyang River, Nianchu River,
Yalong River, and Shiquan River”. As important ecological protection
areas and key agricultural production areas across the Tibetan Plateau,
they provide important guarantees for local grain self-sufficiency’.
The main grain crops are the two most common crops on the plateau—
namely, highland barley and wheat. Following the World Reference
Base for Soil Resources classification, the major soil types in alpine
grasslands are humic cambisols and haplic xerosols, while forests are
largely characterized by humic cambisols, orthic luvisol, and dystric
podzoluvisols, and croplands by haplic kastanozems and gelic
leptosols™.

Urbanization on the Tibetan Plateau has been relatively slow
during the last three decades (Supplementary Figs. 16 and 17). The
Tibetan Plateau is still dominated by natural ecosystems, although the
impervious area has increased from 5454 to 15,997 ha during the last
three decades. In 2020, the impervious area of the Tibetan Plateau
accounted for <0.007% of the plateau (Supplementary Fig. 17). His-
torically, farmers and herders have had their own unique lifestyles,
consuming mainly beef, mutton, milk, fur, and grain. The dung from
livestock (e.g., yaks, yellow cattle, Pien Niu, goats, and sheep) is burned
as fuel for cooking and heating in the grassland and cropland areas,
whereas firewood is burned for cooking and heating in the forested
areas’*”>. There are few areas of intensive pasture and most farmers are
self-sufficient and follow traditional grazing and farming patterns.

Field resampling and laboratory measurements

We compiled a broad-scale repeat-sampling dataset based on two
multi-year field campaigns in the 1980s and the 2020s to detect any
changes in the SPD and stock across the alpine permafrost regions of
the Tibetan Plateau. Historical soil data were obtained from the Second
National Soil Inventory of China and the First Tibetan Plateau Scientific
Expedition Program. The data from the Second National Soil Inventory
of China were compiled by the Agriculture and Animal Husbandry
Bureau or the Agricultural Bureau, whereas the data from the First
Tibetan Plateau Scientific Expedition Program were compiled by the
Tibetan Plateau Research Team, Chinese Academy of Sciences, during
the 1980s (Supplementary Table 1).

Historical data for the physical and chemical properties of soils
are reported in individual monographs for each province, city, and
county. These monographs contain soil data of the typical profiles of
different soil series and record detailed information, including the

geographical location, records of landmarks, parent material, soil type,
topographic features, land use type, vegetation type, the dominant
species, and the physicochemical properties of each soil genetic hor-
izon. The original soil P dataset comprised 605 plots in the 1980s. As a
result of practical constraints (e.g., natural hazards, road rebuilding,
and human disturbance; see Supplementary Method 1), a total of 255
perfectly matched resampling plots were obtained (Supplementary
Fig. 1). Frequency distribution analysis of SPD revealed similar means
between the original and resampled plots. A mixed-effects model
further confirmed no significant difference between the two datasets
(P>0.05). The distribution and representativeness of the plots are
depicted in Supplementary Fig. 2. Historical data in the 1980s were
recorded from 131 counties across the Tibetan Plateau, and resampling
plots were obtained from 93 counties in the 2020s, accounting for 71%
of the total 131 counties (Supplementary Fig. 1b). To further evaluate
the accuracy of our plots, we compared all the plots with other inde-
pendent references. We made secondary use of different maps,
including vegetation-type maps, soil-type maps, topographic maps
(elevation, slope, and terrain), land-use maps (residential areas, rivers,
and lakes), road maps, and administrative-boundary maps that were
developed before 1990s (more details see Supplementary Method 1).
In addition, we also consulted several staff who participated in the
1980s campaign to determine the exact locations of the sampling
plots. Plots in close proximity to electric power lines, roads, railways,
or drainage ditches were avoided. These plots were set throughout the
geographical extent of alpine forests, grasslands and cropland, cov-
ering a wide range of climates (mean annual temperature:
-12.6-14.3 °C; mean annual precipitation: 22.4-1299.5 mm), vegetation
characteristic (net primary productivity: 6.1-1173.7gCm™2yr™; nor-
malized difference vegetation index (NDVI): 0-0.8), soil properties
(soil P concentration: 0.2-1.6gkg™ soil AP concentration:
0.4-97.6 mg kg™) across the plateau. The topography, parent material,
soil type, vegetation type, dominant species, and management stra-
tegies of the 255 resampling plots did not change during the intra-
sampling period.

We randomly set up three (20 x 20 m) quadrats at intervals of
10 m and collected soil samples from the center of each quadrat for
each plot (Supplementary Fig. 1c). At each sampling quadrat, a square
pit covering an area of (1x1m) was dug and a rule was placed inside
the pit along the profile (repeated three times). We took three soil
cores in each plot to generate descriptions of their vertical properties
(e.g., layering, color, and texture for each layer) for comparisons with
those from the 1980s. The consistency between each layer of the
profile in the 2020s and the historical record was the key piece of
evidence used to determine whether the soil sample was collected
correctly. Undisturbed soil samples were collected from different soil
depth intervals according to the soil genetic horizon. A 2 kg sample of
each soil layer was placed into a Ziploc bag and labels were affixed
inside and outside the bag, recording the profile number, location,
depth, and other information. To test the soil bulk density, 100 cm®
steel cylinders were pushed into the soil profile with the center of the
cylinder aimed at the central depth of each soil genetic horizon. If the
target soil genetic horizon was thinner than the diameter of the steel
cylinders, the adjacent layers shared the soil bulk density data of the
thicker soil genetic horizon. Where large stones and tree roots were
present, we moved the square pit horizontally (for all soil genetic
horizons) until we could successfully collect soil samples from along
the whole profile.

The soil samples collected in the 2020s were air-dried to a con-
stant weight in a ventilated room (-15-20 °C). The soil samples were
then ground and passed through 2 and 0.149 mm sieves after any
stones, plant litter, and roots had been removed. The P concentration
of each soil sample was determined by the molybdenum antimony
resistance to colorimetric method’®, and the soil AP concentration was
determined by the NaHCO; extraction/Mo-Sb colorimetric method”.

Nature Communications | (2025)16:6204


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61501-x

The two analysis methods were identical to the methods used in the
1980s. The samples used to determine the bulk density were dried to
constant weight in an oven at 105 °C. The mean P concentration and
bulk density determined for three repeat samples from each soil layer
were used in all further calculations. We selected the soil horizon
corresponding to a thickness of 30 cm, which includes most of the
plant roots and is the most active soil layer in the biogeochemical cycle
of P78, Although there was a significant positive correlation between
the P concentration in the two time periods at the same plot, the soil P
concentration decreased significantly from the 1980s to the 2020 s
(Supplementary Fig. 18).

The SPD in the top 30 cm was calculated for each soil profile using
the following equation:

S, T;xBD;xSPC;
H

SPD = @

where SPD is the SPD (kg P ha™), T is the layer thickness (cm), BD is the
bulk density (gcm™), SPC is the soil P concentration (gPkg?), i is a
particular soil layer, and H is the number of profile layers within 30 cm.

For each resampled plot, the change in the SPD was calculated as

ASPD =SPD,,0s — SPD;9g0; 2)

where ASPD represents the change in the SPD of the 0-30 cm depth
soil layer during the last three decades (kg P ha™), SPD,,, is the SPD
of the 0-30 cm depth soil layer obtained in the 2020s, and SPDgg; is
the SPD of the 0-30 cm depth soil layer obtained in 1980s. The cal-
culation method for the soil AP density is consistent with that used for
the SPD.

The soil P stock (SPS) was calculated according to the distribu-
tion area of different soil types and their corresponding SPD in
grassland, forest, and cropland ecosystems because the SPD varies
significantly in different soil types and even in the same soil type in
different ecosystems. We then added the SPS of the three ecosys-
tems to obtain the total SPS across the Tibetan Plateau. The soil type
map was obtained from China’s soil atlas (scale 1:50,000)"°, SoilGrid
(250 m;https://www.soilgrids.org/), and the FAO (50 km;https://
www.fao.org/). An ensemble calculation of the SPS was adopted to
reduce the uncertainty caused by the three different resolutions of
these soil maps. The vegetation maps of the 1980s°® and 2020s%°
were obtained from China’s vegetation atlas (scale 1:1,000,000). The
grassland ecosystem includes alpine meadow, steppe, desert, and
cushion vegetation.

We compared the results of changes in the SPS during the two
time periods. The change in SPS was calculated as

ASPS =SPS,005 — SPS19505 €

where ASPS represents the change in SPS of the 0-30 cm depth soil
layer during the last three decades (kg P), SPS,q,¢; is the SPS of the
0-30 cm depth soil obtained in the 2020s, and SPS,qg; is the SPS of
the 0-30 cm depth soil layer obtained in the 1980s.

Simulations of P flow in ecosystems

Our general conceptual framework for the soil P budget in grassland,
forest and cropland ecosystems is based on the principle of mass
balance (Fig. 1). The MPFE consists of the main key P inflow and outflow
subsystems, including weathering, atmospheric deposition, fertilizer,
absorption by plants, deposition via livestock excretions, litter return,
livestock feed, livestock, forest and grain products, the burning of
livestock excretion products (animal dung) for fuel, and soil erosion
(Supplementary Method 2 and Supplementary Table 2). This frame-
work has previously been widely applied to P flows on national and
global scales*"**#"%2, Similar to conventional modeling approaches, we

compared our calculations of the main P inflow and outflow sub-
systems with those of other studies (Supplementary Tables 3-5). A
notable difference between this work and previous studies is that the
soil P data were repeatedly measured in situ for the two time periods to
verify and improve the accuracy of the MPEF. In particular, we com-
pared the observations and simulations of the change in the SPD
between final and first years of observations (see Statistical analyses,
below). The net change in soil P is the P inflow minus the P outflow:

Soil P budget = Soil P inflow — Soil P outflow 4)

Soil P inflow = P released from weathering + Atmospheric P deposition
+ P deposition via excretion + P return from plant litter
+ Pfertilizer

©)

Soil P outflow = P absorption by plants + P loss via erosion

6
+ Loss of dissolved P ©)

Briefly, the inputs of P from weathering, atmospheric deposition and
fertilizer are the P inflow subsystems, whereas the P loss from soil
erosion (particulate P) and runoff (dissolved P) are the P outflow
subsystems. However, the calculations for the plant-related P flows are
more complex and include the net accumulation by plants, the return
of plant litter to the soil, feeding by livestock, the deposition of
livestock excretions, and human consumption (e.g., livestock, forest
and grain products, and the burning of livestock excretion products
for fuel)*** (Supplementary Figs. 19-21, Supplementary Data 1, 2). All
the inflows and outflows of P were calculated at a resolution of an
8 x 8 km grid and are given in Supplementary Method 2.

Supplementary Table 3 compares the estimates of the main plant-
related P flows on the Tibetan Plateau with those reported by other
researchers. Although it is not easy to compare all the results obtained
in this study with those reported previously due to differences in the
system boundaries, approaches, and scope, it is possible to compare
some of the flows calculated here with a few other studies conducted
on the Tibetan Plateau and in China and Asia. Most of our modeled P
flows were of the same order of magnitude as previous P flows (Sup-
plementary Table 3). However, previous studies found larger amounts
of P stored in livestock products, primarily due to the large number of
yak and sheep in the alpine meadow ecosystem, whereas our study
covered all types of alpine grasslands. The sparse population, low
vegetation coverage and small number of livestock in the central and
western areas of the plateau (i.e., the alpine steppe and alpine desert)
resulted in a low P density for livestock products per unit area. The
carcass weight, which is the weight of an animal after slaughter and the
removal of the fur, head, and genitourinary organs, is the common
indicator of livestock meat production. In the present study, however,
the total amount of P in livestock products was the sum of the amount
of P in meat, milk, and livestock byproducts (blood, adipose tissue,
skeleton, viscera, digestive content, and skin hair). There are large
differences in the P concentration in different fractions, such as the
skull, gut, and blood". Such differences in calculation methods may
lead to differences in the P outflow of livestock products.

The Revised Universal Soil Loss Equation (RUSLE) and the Revised
Wind Erosion Equation (RWEQ) models were used to calculate the
erosion of soil by water and wind, respectively (Supplementary
Method 2). To verify the accuracy of the estimation of the RUSLE and
RWEQ models, our results were compared with other measurements
(e.g., model simulation, isotopic tracing, and sand collection from the
field). Our estimates of the P flows caused by erosion were of the same
order of magnitude as previous P flows (Supplementary Table 4). For
water erosion, the calculated potential soil P loss in this study was well
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within the range of published on-site riverine P exports for the
Yangtze, Yellow, Lancang, Nujiang, Yarlung Tsangpo, Heihe, and Shule
rivers (Supplementary Table 5). Although the riverine P loads of a few
hydrological stations may not completely cover the P soil erosion
status of the whole basin, they can provide an important reference for
verifying the transport of P by sediments. Although the P transported
from soils might be redeposited within water catchments (i.e., wet-
lands, lakes, ponds, riparian zones or buffer strips), the potential
threats of P loss from soils are not reduced".

Future scenario for the time period 2021-2100

Future climate data projected by 27 global climate models (GCMs) of
the Coupled Model Intercomparison Project Phase 6 (CMIP6) from
2021 to 2100 were downloaded from the World Climate Research
Program (WCRP) dataset (https://esgf-node.linl.gov/search/cmip6/).
The raw GCMs from the WCRP dataset were at low spatial and tem-
poral resolutions and therefore downscaling and bias-correction
methods were used to generate the site-scale daily datasets®.

Four SSP scenarios (including the SSP1-2.6, SSP2-4.5, SSP3-7.0 and
SSP5-8.5 future climate scenarios of the CMIP6 models) were selected
for projecting future soil P budgets (Supplementary Table 7). The
SSP2-4.5 and SSP5-8.5 scenarios were applied to predict future P flows
on the Tibetan Plateau from the 27 GCMs of CMIP6—namely, ACCESS-
CM2, ACCESS-ESM1-5, BCC-CSM2-MR, CanESM5, CanESMS5-CanOE,
CNRM-CM, CNRM-CM6-1-HR, CNRM-ESM, EC-Earth3, EC-Earth3-Veg,
FGOALS-g3, GFDL-ESM4, GISS-E2-1-G, INM-CM4-8, INM-CM5-0, IPSL-
CM, MIROC6, MIROC-ES2L, MPI-ESM1-2-HR, MPI-ESM1-2-LR, MRI-ESM,
UKESM1-0-LL, CMCC-CM2-SRS5, CIESM, GFDL-CM4, MRI-ESM2-0 and
NESM3. The SSP1-2.6 and SSP3-7.0 scenarios do not include the CMCC-
CM2-SR5, CIESM, GFDL-CM4, and NESM3 models. The data were
integrated using the multi-model ensemble method to reduce the
uncertainty caused by an individual GCM. The average result from
multiple GCMs is widely used in climate projections based on the
assumption that the errors tend to cancel each other out if the GCMs
are independent®* ¢,

Future population data were derived from gridded population
and economy datasets under the four SSP scenarios”. To verify the
accuracy of future predictions under each scenario, we standardized
the meteorological (1985-2020) and population (2010-2020) data
during the common period. Based on the linear relationship between
the data series before and after this treatment, we converted the
modeled result to a historical result and then scaled the future data
accordingly®®,

Statistical analyses

Descriptive statistics included the frequency distributions, means, and
95% confidence intervals of the means of the SPD at a soil depth of
0-30 cm for both time periods. The relationship between the SPD in
the 1980s and 2020s was analyzed using the ordinary least-squares
(OLS) regression model. The temporal changes in SPDs were examined
with linear mixed-effects models using the Ime4*° and the ImerTest’®
packages in R version 4.2.1, in which the fixed effect was the sampling
period and the random effect was the sampling plot. The effects of the
sampling period on the SPD were considered significant if P < 0.05. The
homoscedasticity and normality of the residuals were tested before
the linear mixed modeling analyses and in-normal transformation was
conducted where necessary. The historical trend of the outflow and
inflow of the SPD from the 1980s to the 2020s was analyzed by the OLS
regression model.

To test the accuracy of the dynamic model for P, a simulation vs.
observation comparison of the change in the SPD between the
observations in the 1980s and the 2020s was analyzed at both the
sampling plot and county scale. First, the OLS fit of the linear equation
was applied to calculate the relationship between the simulated vs.
observational SPD data for the two sampling periods. The coefficient

of determination can reflect the correlation of the SPD between the
simulated and actual sampling data. Second, the slope of the fitted
equation was compared with the 1:1 line using the tidyverse package to
determine whether the simulated and observed data increased or
decreased in equal proportions”™. A mixed-effects model was then
conducted using the Ime4® and ImerTest™ packages in R version 4.2.1
to test for possible random effects due to the measurements being
made by different methods across sampling plots and counties. The
effects of different methods on the SPD were considered significant if
P<0.05. Through these three verification methods, the model was
shown to roughly match the in situ decrease in soil P on the Tibetan
Plateau over the last three decades.

Predicted trends in the soil P budget and their associated change
points for the time period 2021-2100 were analyzed using the
Mann-Kendall and change-point tests using the trend’’> and cpm’
packages, respectively, in R version 4.2.1. The Kolmogorov-Smirnov
test was used to extract the change points because the data did not
conform to a Gaussian distribution.

Data availability

All data are available in the article and its Supplementary Information.
Source data are provided with this paper. The daily rainfall, daily
temperature and daily wind speed are available at https://data.cma.cn/;
the Daily snow depth is available at https://data.tpdc.ac.cn/home; the
NDVI is available at http://www.csdata.org/; the N deposition is avail-
able at https://doi.org/10.3334/ORNLDAAC/1220; the ANPP is available
at http://www.glass.umd.edu/Download.html; the DEM is available at
https://www.jpl.nasa.gov/missions/shuttle-radar-topography-mission-
srtm; the LUCC (land-use and land-cover change) is available at https://
www.earth-system-science-data.net/; the soil property data (e.g., sand,
silt, clay and SOC) are available at https://www.soilgrids.org/; the
CaCO; data are available at https://gaez.fao.org/pages/hwsd; the
CNRD v1.0 dataset is available at https://data.tpdc.ac.cn/zh-hans/data/
8b6al2c7-c8f9-465a-b449-852fbff51853/; and the future population
data are available at https://geography.nuist.edu.cn/2019/1113/
c1954a147560/pagem.psp. The SPD data and the geographical/envir-
onmental characteristics for the resampling plots are available in
Supplementary Data 3.

Code availability

Figures were created in Microsoft PowerPoint software, R 4.2.1,
MATLAB R2022a, Adobe Acrobat DC, and ArcGIS 10.6 (https://www.
esri.com/). The data analysis codes have been deposited in the figshare
database at https://figshare.com/articles/code/29134574.
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