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High precipitation rates increase potassium density
in plant communities in the Tibetan Plateau
Xin Li1,2, Mingxu Li 1✉, Xiaoyu Cen 1,2, Li Xu1 & Nianpeng He1,2,3✉

Potassium is essential for plant growth. However, our understanding of potassium in plant

materials is limited due to a lack of systematic studies. Here, we measured potassium content

in 2,040 ecosystem communities during the period 2019-2021 applying grid-sampling and

explored the spatial patterns and drivers of potassium density in the Tibetan Plateau vege-

tation. Potassium content, density, and storage were estimated at 8.63 milligrams per grams,

21.71 grams per square meter, and 19.92 teragrams, respectively. Potassium allocation was

isometric in most ecosystems, except for deserts which followed optimal partitioning. Pre-

cipitation was the main driver of potassium variations, with higher potassium in humid

regions. The spatial distribution, as revealed by random forests model, indicated higher

potassium in the southeastern regions but lower potassium values in the northwestern

regions. Our research sheds light on climate change’s impact on vegetation potassium,

offering valuable data for biogeochemical cycle optimization.
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P lant growth is inseparable from nutrient elements in nature,
plants commonly experience stress from the lack of many
of these nutrient elements1, especially potassium (K).

Lucanus2 first recognized the vital role of K as an essential ele-
ment for plant growth. K is the most abundant metal ion in
plants, playing a crucial role in absorption, stomatal movement,
enzyme activation, and protein synthesis3. Despite its importance,
a substantial global soil deficiency persists, affecting up to 50% of
soils in agricultural areas4,5. This exacerbates the conflict between
soil K deficiency and sustainable plant productivity6.

The Tibetan Plateau (TP) has garnered significant attention in
scientific research since its initial characterization by Lóczy7. The
TP presents an exceptional and advantageous avenue for research
owing to its heterogeneous plant communities, extensive spectrum
of humidity, temperature and radiation gradients, and trifling
anthropogenic influence. Thus, the TP provides a unique oppor-
tunity to examine vegetation–environment interrelationships8.
Despite its potential, studies in terrestrial ecosystems have pre-
dominantly focused on nitrogen (N) and phosphorus (P), which
are the main components of proteins and nucleic acids9, and less
on K10. One of the few K studies, a species-specific, small-scale
investigation11, attached importance to the development of bio-
logical K fertilizer and the screening of low-K tolerant genotypes.
As field sampling is time-consuming and laborious, the basic
statistical characteristics of K at larger scales are unknown, espe-
cially for communities. Importantly, the community, as the fun-
damental unit of the ecological model, offers insights into the
structure and function of the ecosystem that are beyond the scope
of the species level12. Exploring the spatial pattern of plant K at
the community can not only reflect changes in plant K, but also
provide a reference for the optimization of ecosystem models.

Plant nutrient partitioning in organs is indicative of trade-off
strategies deployed to acquire resources13. Factors such as cli-
mate and soil conditions influence the allocation and acquisition
of K within plant organs14. In response to environmental
changes, plants adjust the scaling relationship of elements among
organs, a crucial adaptive mechanism. Based on these findings,
scientists have proposed the optimal partitioning hypothesis,
suggesting that plants prioritize nutrient allocation to organs
with limited resource access in order to maximize growth rate15.
For instance, in arid environments, plants optimize water and
light utilization by accumulating higher K in leaves and roots,
reducing transpiration in leaves, and enhancing water uptake by
the roots3,16–18. However, the isometric partitioning hypothesis
takes the opposite view, proposing that nutrient allocation is
determined solely by intrinsic plant characteristics, such as
individual development, plant size, and physiological function-
ing, which are independent of environmental factors19. Con-
sistent allometric growth relationships exist between different
organs, maintaining relatively constant scaling exponents (slopes)
despite variations in environmental conditions20. Furthermore,
studies have indicated a diminished influence of environmental
factors when multiple species are involved21,22. In light of these
considerations, our study aims to explore the application of these
allocation strategies to community-level K allocation in plants
and to assess the extent to which environmental factors drive
these patterns.

Accelerated by global warming, the plateau’s warming rate has
surpassed the global average23. Consequently, the vegetation
dynamics on the TP have experienced a surge in heterogeneity,
leading to heightened uncertainty regarding in the distribution of
plant elements across different vegetation regions24. Despite the
importance of vegetation K in natural ecosystems, a compre-
hensive understanding of its spatial patterns remains lacking.
Therefore, it is necessary to investigate the distribution char-
acteristics of vegetation K in depth to fill this research gap and

contribute to the knowledge system of large-scale K-related
research. Several theoretical hypotheses have been proposed to
explain spatial patterns in element distribution. The temperature-
biogeochemistry hypothesis posits that low temperatures reduce
soil microbial activity, influencing soil nutrient availability, and
subsequently reducing plant internal nutrient content25. Con-
versely, the temperature-plant physiology hypothesis suggests that
plants under low-temperature conditions require higher nutrient
content to compensate for reduced physiological efficiency25.
While these hypotheses have been well-verified for N and P26,
their applicability to K research remains unexplored. Therefore,
it is imperative to investigate the spatial variability of community
K in different composition groups and across diverse environ-
mental gradients to validate and enrich our scientific under-
standing of vegetation K characteristics under fluctuating
environmental conditions and plant nutrient utilization
strategies.

In this study, we consistently measured the K content and
density of different plant organs in 2040 natural communities in
the TP by gridding field samples as a 0.5° × 0.5° grid. We also
explored the spatial patterns of K and its main driving factors at a
large scale (Fig. 1). The main objectives of this study were: (1) to
assess the K density within different community organs in the TP
and analyze their allocation strategies, (2) to explore the drivers of
vegetation K density and to predict the spatial distribution of
different components, and (3) to calculate the K storage in the
TP. This study provides validation for the optimal partitioning
hypothesis and isometric partitioning hypothesis concerning plant
K allocation. Additionally, it explores spatial distribution patterns
and their correlation with environmental factors, encompassing
the temperature-biogeochemistry hypothesis and temperature-
plant physiology hypothesis. Emphasizing the significance of K
factors in evaluating the impact of global change on nutrient
cycling and large-scale mutual feedbacks is a crucial aspect of our
findings. Furthermore, this study significantly enhances our
comprehension of plant potassium nutrient utilization strategies
along regional environmental gradients.

Methods
Study sites. The TP (73.43°–104.67°E, 25.98°–39.82°N), repre-
sents the world’s highest plateau boasting an average elevation
surpassing 4000 m, it is also known as the “third pole”. It exhibits
a prominent elevation gradient, with elevated regions in the west
and lower regions in the east27. The plateau’s topography is
remarkably diverse, featuring a high plateau in the northern
region, a canyon in the southern region, alpine valleys in the east,
and the imposing Himalayan mountains in the west. Moreover,
this region harbors diverse of ecosystems, including forests,
shrublands, grasslands, and deserts28.

The distinctive climate characteristics of the TP are shaped by
the interactions of the Asian monsoon, westerly jet streams, and
complex topographical features29,30. The TP spans multiple
climatic zones from tropical and subtropical to temperate,
subfrigid, and frigid. In addition, this region exhibits a notable
climate gradient31,32; the annual radiation levels fluctuate
between 11,277 and 17,581 kJ m−2 day−1, with an overall higher
level of radiation; the annual mean temperature (MAT) ranges
from −6 to 20 °C, displaying low interannual temperature
differences but high diurnal temperature variations. Moreover,
the annual mean precipitation (MAP) gradually increases from
20millimeters in the northwest to 3042 millimeters in the
southeast. Given its unique geographical location, diverse
vegetation types, and rich climatic conditions, the TP serves as
a distinctive “laboratory” for studying the dynamics of climate
change in China.
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Field sampling. Field sampling was conducted from July to
August 2019 to 2021. Systematic gridding field sampling was used
to set up field sites at 0.5° × 0.5° latitude and longitude. Based on
the main types of vegetation in the TP, we set up field plots
designated as four major groups, including forests, shrublands,
grasslands, and deserts. A total of 2040 natural plant communities
were investigated, among which 507 site were from forests, 66
from shrubs, 69 from deserts, and 1398 from grasslands (Sup-
plementary Fig. S1).

In order to assess the plant communities, at least three plots
were set up at all site (Supplementary Fig. S2), and the latitude,
longitude, and altitude of each plot were recorded using GPS. The
dominant plant communities were identified through visual
observations made within each plot. In cases where more than
one type of plant community was observed in a given plot, the
vegetation type was randomly selected. In the forests (Supple-
mentary Fig. S2), each site had three tree (20 m × 20m), three
shrub (5 m × 5m) and three herb (1 m × 1m) quadrat. Firstly, the
height (by tree altimeter) and diameter at breast height (by
vernier caliper) of trees and shrubs were measured. Secondly,
healthy, mature, and consistent species were considered, and
organs were collected from each species (leaves, branches, trunk,
and roots). In practice, the trunk was sampled using a growth
cone with a diameter of 4.3 mm; the roots were dug out as
completely as possible with a shovel and hoe. For the shrublands,
a shrub and herb quadrat were assigned to each plot, and the
same sampling methods were used as for tree quadrats. In the
case of grassland and desert plots, the aboveground parts of all
species in the squares (1 m × 1m) were sampled, and the roots
were drilled with a 9 cm diameter soil auger to measure 0–30 cm
of the root system. The aboveground part and the roots of the

grassland and desert samples were weighed, and this weight was
recorded as the leaf and root biomass. Importantly, over 70% of
the species present in all communities were collected. Further-
more, the 0–10 cm soil layer was sampled using a soil auger to
measure the soil physical and chemical properties [soil organic
carbon (SOC, %), N content (soil N, %), K content (soil K, %),
and pH] in each plot.

Laboratory analyses. Plant samples were washed with deionized
water, and the soil samples were cleaned to remove debris. All
samples were then dried and ground using a chemical analysis
ball mill (MM400 Ball Mill, Retsch, Germany) and an agate
mortar grinder (RM200; Retsch, Germany). The K content of
individual samples was determined using an inductively coupled
plasma optical emission spectrometer (ICP–OES, Optima Avio
500, Perkin Elmer, Waltham, Massachusetts, United States), SOC
and soil N were determined using an elemental analyzer (Vario
Max CN elemental analyzer, Elemental, Germany), and soil pH
was measured using a pH meter (Ultrameter II, USA).

Environmental variables. Based on the World Climate Database
(Worldclim, https://worldclim.org/data/index.html), we extracted
the mean annual temperature (°C), growing season mean tem-
perature (°C), coldest month mean temperature (°C), annual
difference in temperature (°C), MAP (mm), growing season
precipitation (mm), wettest month precipitation (mm), driest
month precipitation (mm), wind speed (m s–1), and water vapor
pressure (kPa). Solar radiation (mol m–2 d–1), photosynthetic
active radiation (mol m–2 d–1), and ultraviolet radiation
(MJ m–2 d–1) were obtained based on the Science Data Bank
(https://doi.org/10.11922/sciencedb.332).

Fig. 1 Theoretical framework for spatial variation of vegetation potassium (K) density (g m–2) in the Tibetan Plateau under climate change. The K
density of plant communities was analyzed using consistently field-investigated data of 2040 plots (see Supplementary Fig. S1). The XY coordinate system
of the map is the projection coordinate system of WGS_1984_Albers.
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The oxygen partial pressure (PO2, Pa) was calculated from
altitude, according to the method of Kouwenberg et al. 33 as
follows:

P ¼ 101325
MWair ´ g ´ z

RT

� �
ð1Þ

PO2 ¼
P

101325

� �
´ PO2;sea ð2Þ

where, PO2 (Pa) is calculated from altitude (z, in m) and mean
July temperature (T, °C), MWair is the molecular weight of air
(28.964 × 10−3 kg mol–1), g is the acceleration due to gravity in m
s–1, z is the altitude in m, R is the gas constant (8.3144 J mol–1),
and T is calculated assuming a lapse rate of 0.6 °C per 100 m of
altitude. PO2;sea is the PO2 at sea level.

Calculation of biomass, K content, K density, and K storage.
The growth equation was used to determine the biomass of trees
and shrubs using the measured DBH and tree height34, calculated
as follows (Supplementary Text S1):

BCom;i ¼ ∑
n

i¼1
∑
m

j¼1

ai;jD
bi;j

A
ð3Þ

where BCom;i is the community biomass density (kg m–2) in organ
i (leaf, branch, trunk, or root), ai;j and bi;j are constants for organ i
of the specific tree or shrub species j. A is the area (m2) of the
sampling plot. n is the number of organs, and m is the number of
plant species. The average biomass density of the three plots was
calculated as the average biomass density at the sampling sites.

The K content (mg g–1) of each organ was obtained via
ICP–OES and then calculated by taking the mean value of the
same organ for all species within the same plots; K density
(g m–2) is the product of K content (mg g–1) and biomass (g m–2).
K storage (Tg) is the K density (g m–2) multiplied by the occupied
area (m2) and is calculated as follows:

CCom;i ¼
∑
n

i¼1
CSpe;i

n
ð4Þ

DCom;i ¼ ∑
n

i¼1
BCom;i ´CCom;i ð5Þ

SCom;i ¼ ∑
n

i¼1
DCom;j ´Aj ð6Þ

where CCom;i is the K content (mg g–1) within an organ (leaf,
branch, stem, or root) of the community, and CSpe;i is the K
content (mg g–1) within an organ of the species in a tree or shrub.
DCom;i is the K density per unit area (g m–2), and BCom;i is the
biomass per unit area (g m–2). SCom;i is the K storage of a specific
area (Tg), and Aj is the area (m2), the calculation of which is
based on the approach of Wu et al.35.

Statistical analysis. Differences in community K density among
different organs and vegetation types were analyzed using one-
way ANOVA with Excel 2010 and SPSS 21.0 (IBM, Chicago, IL,
USA) software. Correlation analysis (R software)36 and structural
equation modeling (SEM) were used to analyze the relationship
between K density and environmental factors. In the SEM ana-
lysis, the maximum likelihood estimate (MLE) was used to fit the
data. The fit of the model was determined as follows: P > 0.05,
ratio of cube to degrees of freedom (χ2/df) = 1− 3, model fit
(GIF) > 0.9, and root mean square error (RMSEA) < 0.0837. The
biomass of trees and shrubs was calculated using the biomass
equation. An allometric model was used to explore K+ density

distribution in different organs. The K densities of the different
components were predicted using the random forest model38.
Statistical significance was set at P < 0.05.

The allometric model is a statistical mathematical method
used to explore vegetation growth strategies. In the allometric
relationship, the distribution relationship in different plant
organs can be expressed using the equation:

Y ¼ bXa ð7Þ

where a is the allometric scaling component (slope), and b is the
allometric growth coefficient (intercept), When a= 1 and its
value is significant, or when a ≠ 1 and its value is not significant, it
is considered to imply isomeric allocation. Other cases imply
allometric allocation. When a > 1.0, the increase in Y is greater
than the increase in X, and vice versa when a < 1.0 X and Y
represent the K density in specific organs (Dleaf, Dbranch, Dtrunk,
and Droot). The parameters were fitted using the “lmodel2”
function in the “lmodel2” package in R39. The likelihood ratio test
was used to determine significant differences in the allometric
growth index (a) between different plant growth types of the
same organ in pairs. The test was performed using the “sma”
function of the “smatr” package in R40.

The spatial distribution of K content and vegetation density in
the TP were estimated using the random forest (RF) algorithm38

and MATLAB 2018b software (version 2018b; MathWorks,
Natick, MA, USA). The spatial distribution map of the field
investigation was produced using ArcGIS (Version 10.2, ESRI
Press, Redlands, CA, USA). Random forest is a combinatorial
classifier algorithm proposed by Breiman (2001), composed of
many single classification and regression trees. The bootstrap
resampling method was used to extract multiple samples from the
original samples, and decision-tree modeling was performed for
each bootstrap sample. Finally, the classification results were
determined using the voting method. The generation of a single
tree depends on an independent, identically distributed random
vector. The overall generalization error depends on the
classification efficiency of a single tree in the forest and the
correlation between classification trees.

Results
Changes in K content and density among different organs and
their allocation. The data from 2040 sites in the TP showed
average K contents for leaves, branches, trunks, and roots of 16.05
(Cleaf), 3.91 (Cbranch), 1.46 (Ctrunk), and 4.03 mg g –1 (Croot),
respectively. The K content was significantly different among
different plant organs (P < 0.01), the highest of which was
observed in Cleaf (Fig. 2).

Furthermore, the K density was significantly different among
the different organs (P < 0.05). The K density of leaves (Dleaf),
branches (Dbranch), trunks (Dtrunk), and roots (Droot) were
estimated to be 6.07, 12.84, 10.39, and 4.86 g m–2, respectively,
with branches (Dbranch) showing the highest density (Fig. 3).

Scaling relationships of K among leaves, branches, trunks, and
roots. The allometric growth equation results (Table 1) showed
an allometric relationship among all organs in total, except for a
special isomeric relationship distribution in the desert. The scal-
ing exponent (slope) of Dleaf vs. Droot in the forest, shrubland, and
grassland was 0.71, 0.70, 0.67, all less than one, and greater than 1
in desert, but not significant (P= 0.54). The changing of K was
fastest in leaves and relatively slower in roots in the forest,
shrubland, and grassland, but this condition was reversed in the
desert.
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Response of vegetation K density to environmental variation.
According to the SEM results (Supplementary Fig. S4), the total
vegetation K density at the community level was mainly influ-
enced by precipitation. Of these, path analysis showed that
environmental factors explain 29% of the variation in Dleaf, and
Dleaf was mainly influenced by radiation, precipitation, and PO2,
with precipitation being the main environmental driver (Fig. 4).
In different community types (Fig. 5 and Supplementary Fig. S5),
the main environmental factors influencing the spatial variation
of Dleaf were different as well. Linear regression correlation ana-
lysis (Supplementary Figs. S6 and S7) showed that precipitation
and temperature were significantly and positively correlated with
Dleaf. These results were also verified via analyses of the different
climate zones (Supplementary Fig. S7), showing higher K density
in plants in warm and humid regions.

Spatial distribution of vegetation K in TP. The spatial dis-
tribution of K density can be well depicted for different compo-
nents in the random forest model, especially for aboveground and
total vegetation K density (Supplementary Fig. S11, R2= 0.78). In
addition, K density showed a decreasing trend from southeast to
northwest (Fig. 6), as the vegetation types in the TP gradually
changed from forest to shrubland, grassland, and desert, with K
densities of 44.01 g m–2, 35.32 g m–2, 4.08 g m–2, and 3.41 g m–2,
respectively (Table 2). Overall, natural vegetation in the TP stores
19.92 Tg of K, where 13.15 T g K is stored in the aboveground
vegetation, and 6.77 Tg K is stored belowground.

Discussion
Variation in plant K on the TP. Utilizing data obtained from a
comprehensive analysis of 2040 plant sites, our study represents
a pioneering effort in estimating the K content and density
within the TP vegetation. In terms of K content, prior investi-
gations conducted by Han et al.41 demonstrated an average leaf
K content (Cleaf) of 11.48 mg g–1 in China, While Li et al.10

reported a Cleaf of 20.22 mg g–1 in the TP. According to our grid
sampling results in the TP, Cleaf was 16.05 mg g–1 (Fig. 2), which
was higher than that of Han et al. 41. This discrepancy could
potentially be attributed to the distinctive climatic characteristics
of the Tibetan region, the physiological functionality of K, and
the different data acquisition methods. Our research focused on
the alpine region, which encompasses a diverse range of extreme
environments characterized by lower temperatures, increased
radiation levels, and shorter growing seasons42. Higher Cleaf

helps to extend plant leaf longevity and improves its resilience to
stressful environments3: as levels of reactive oxygen species
(ROS) increase dramatically due to environmental stresses (e.g.,
UV light or low temperatures and cause severe damage to cel-
lular structures, K can effectively mitigate ROS production16.
Apart from this, we posit that the reason behind the lower
outcomes observed in comparison to Li et al.10 may be attributed
to the augmented coefficient of variation among the various
sampled species. such as the differences in K nutrient require-
ments during plant growth and development under different
environmental conditions such as water, light, and nutrients,

Fig. 2 Changes in potassium (K) content (mg g–1) among plant organs across different vegetation types. The four values at the top of the figure
represent the average K content of different organs, different lowercase letters indicate significant differences between the organs in each column at
P < 0.05. Different color columns in the map represent K content in different organs of different vegetation types (green: leaves, pink: branches, blue-violet:
trunk, and brown: roots). Vegetation zoning is based on the dominant vegetation type with reference to vegetation types found in China. The XY coordinate
system of the map is the projection coordinate system of WGS_1984_Albers. Cleaf: leaf K density (mg g–1); Cbranch: branch K density (mg g–1); Ctrunk: trunk K
density (mg g–1); Croot: root K density (mg g–1). EBF evergreen broad–leaved forest, ECF evergreen coniferous forest, DBF deciduous broad–leaved forest,
MF coniferous and broad–leaved mixed forest, EBS evergreen broad–leaved shrubs, ECS evergreen coniferous shrubs, DBS deciduous broad–leaved shrubs,
AMG alpine meadow grassland, ATG alpine typical grassland, ADG alpine desert grassland.
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Fig. 3 Variations in potassium (K) density (g m–2) among plant organs across different vegetation types on the Tibetan Plateau. The four values at the
top of the picture represent the average K density of different organs, different lowercase letters indicate significant differences among the organs in each
column at P < 0.05. Different color columns in the map represent K densities in different organs of different vegetation types (green: leaves, pink: branches,
blue-violet: trunk, and brown: roots). Vegetation zoning is based on the dominant vegetation type with reference to vegetation types found in China. The
XY coordinate system of the map is the projection coordinate system of WGS_1984_Albers. Dleaf: leaf K density (g m–2); Dbranch: branch K density (g m–2);
Dtrunk: trunk K density (g m–2); Droot: root K density (g m–2). EBF evergreen broad–leaved forest, ECF evergreen coniferous forest, DBF deciduous
broad–leaved forest, MF coniferous and broad–leaved mixed forest, EBS evergreen broad–leaved shrubs, ECS evergreen coniferous shrubs, DBS deciduous
broad–leaved shrubs, AMG alpine meadow grassland, ATG alpine typical grassland, ADG alpine desert grassland.

Table 1 Key parameters of allometric equations for potassium (K) density (g m–2) in plant communities of the Tibetan Plateau.

Communities Organs No. R2 P Slope 95% CI Intercept 95% CI

(x vs. y)

Forest Dleaf vs. Dbranch
¶ 169 0.46 0 < 0.001 1.19 (1.06, 1.33) –5.42 (–8.8, –2.04) ***,‡

Dleaf vs. Dtrunk 169 0.53 0 < 0.001 0.54 (0.49, 0.60) 1.92 (0.5, 3.35) ***
Dleaf vs. Droot 169 0.48 0 < 0.001 0.71 (0.64, 0.80) 0.29 (–1.69, 2.26) ***
Dbranch vs. Dtrunk 169 0.39 0 < 0.001 0.45 (0.40, 0.51) 4.38 (2.91, 5.86) ***
Dbranch vs. Droot 169 0.25 0 < 0.001 0.60 (0.53, 0.68) 3.54 (1.31, 5.77) ***
Dtrunk vs. Droot 169 0.34 0 < 0.001 1.32 (1.17, 1.50) –2.26 (–4.74, 0.23) ***

Shrubland Dleaf vs. Dbranch 22 0.14 0.08 0.56 (0.37, 0.85) 2.52 (–2.53, 7.58) **
Dleaf vs. Droot 22 0.85 0 < 0.001 0.70 (0.59, 0.85) 0.36 (–2.11, 2.83) ***
Dbranch vs. Droot 22 0.05 0.33 1.26 (0.81, 1.96) –2.82 (–10.75, 5.12) ns

Grassland Dleaf vs. Droot 466 0.63 0 < 0.001 0.67 (0.63, 0.71) 0.77 (0.48, 1.05) ***
Desert Dleaf vs. Droot 23 0.02 0.54 1.51 (0.97, 2.33) –1.38 (–3.56, 0.8) ns
Total Dleaf vs. Dbranch 191 0.44 0 < 0.001 1.16 (1.04, 1.29) –4.97 (–8.07, –1.88) **

Dleaf vs. Dtrunk 169 0.53 0 < 0.001 0.54 (0.49, 0.60) 1.92 (0.5, 3.35) ***
Dleaf vs. Droot 680 0.62 0 < 0.001 0.70 (0.67, 0.73) 0.62 (0.15, 1.09) ***
Dbranch vs. Dtrunk 169 0.39 0 < 0.001 0.45 (0.40, 0.51) 4.38 (2.91, 5.86) ***
Dbranch vs. Droot 191 0.24 0 < 0.001 0.62 (0.54, 0.70) 3.35 (1.28, 5.43) ***
Dtrunk vs. Droot 169 0.34 0 < 0.001 1.32 (1.17, 1.50) –2.26 (–4.74, 0.23) ***

R2 coefficient of determination, CI confidence interval.
‡ ***, ** denote significant differences between the slope of the equation and 1 at P= 0.001 and 0.01; ns, no significant difference at P= 0.05.
¶Dleaf: leaf potassium density (g m–2); Dbranch: branch potassium density (g m–2); Dtrunk: trunk potassium density (g m–2); Droot: root potassium density (g m–2).
The K density of different plant organs was transformed into a log–log scale. The likelihood test was used to examine differences among different organs, and the data were analyzed using a standardized
major axis and calculated using SMATR Version 2.0 (http://www.bio.mq.edu.au/ecology/SMATR/).
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resulting in differences in leaf K among different plant species in
different habitats43,44. Moreover, different sampling methods,
measurements, and species composition could also yield dis-
parate outcomes40.

The average K density of vegetation in the TP was
approximately 21.71 g m–2 (Table 2). Furthermore, our analysis
revealed significant variations (P < 0.01) in K density across
different plant organs, with the density in branches (Dbranch)
being the highest (Fig. 3). Interestingly, only in evergreen
broad–leaved forests (Table 2 and Fig. 2), where more K is
allocated proportionally to wood than to leaves (Dbranch > Dleaf),

lower K density in leaves is usually associated with lower growth,
reflecting the slow growth and conservative lifestyle of plants14.

Optimal partitioning strategy shapes K density allocation
among diverse plant communities. When faced with limited
environmental resources, the allocation of these resources among
different plant organs often leads to conflicts, giving rise to
selective allocation, which adheres to the principle of optimal
partitioning19,45. The allocation of K is defined in our study as a
change in allometric curves, and at a different scaling exponent
(slope). Among these, the slope of Dleaf vs. Droot was <1.0 in the

Fig. 4 Path analysis exploring direct and indirect effects of environmental factors on the spatial distribution of potassium (K) density in leaves.
(a) Liner relationship between leaf potassium density and environmental factorsa. (b) the effects of environmental factors on leaf K density.

Fig. 5 Path analysis exploring the effects of environmental factors on the spatial distribution of potassium (K) density in leaves of different
communities and the direct and indirect effects of environmental factors on leaf K density. (a) is in the forest, (b) is in the shrubland, (c) is in the
grassland and (d) is in the desert.
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forest, shrubland, and grassland (Table 1), probably due to the
fact that plants tend to pay more attention to the allocation of leaf
resources, in order to maximize light-acquisition capacity, and
increase productive capacity46. Furthermore, the slopes of Dleaf vs.
Droot in the above three communities were 0.71 (forest), 0.70

Fig. 6 Predicted spatial patterns of vegetation potassium (K) density
(g m–2) on the Tibetan Plateau with a resolution of 1 km. Spatial
distribution of K density in a aboveground, b belowground, and c total
vegetation. The XY coordinate system of the map is the projection
coordinate system of WGS_1984_Albers.

T
ab

le
2
C
ha

ng
es

in
po

ta
ss
iu
m

(K
)
de

ns
it
y
(g

m
–2
)
an

d
st
or
ag

e
be

tw
ee

n
di
ff
er
en

t
ve

ge
ta
ti
on

ty
pe

s
in

th
e
T
ib
et
an

P
la
te
au

.

C
om

m
un

it
ie
s

V
eg

et
at
io
n

ty
pe

s
A
re
a

K
co
nt
en

t
(m

g
g–

1 )
K
de

ns
it
y
(g

m
–2
)

K
st
or
ag

e
(T

g)

(1
0
4
km

2 )
Le
af

B
ra
nc
h

T
ru
nk

R
oo

t
T
ot
al

Le
af

B
ra
nc
h

T
ru
nk

R
oo

t
T
ot
al

Le
af

B
ra
nc
h

T
ru
nk

R
oo

t
T
ot
al

Fo
re
st

EB
F

1.
35

18
.0
8

4
.2
4

1.
4
6

3.
26

6
.7
6

6
.8
2

6
.8
2

8
.3
4

7.
30

29
.2
8

0
.0
9

0
.0
9

0
.1
1

0
.1
0

0
.4
0

EC
F

15
.5
7

18
.7
8

4
.0
6

1.
51

4
.3
4

7.
17

21
.8
4

20
.6
4

12
.0
1

13
.3
4

6
7.
8
3

3.
4
0

3.
21

1.
8
7

2.
0
8

10
.5
6

D
BF

0
.1
8

18
.8
5

3.
6
0

1.
4
2

4
.2
1

7.
0
2

16
.1
0

10
.8
3

11
.1
9

12
.7
4

50
.8
6

0
.0
3

0
.0
2

0
.0
2

0
.0
2

0
.0
9

M
F

0
.4
2

14
.0
6

3.
27

1.
37

4
.0
5

5.
6
9

8
.7
1

6
.1
6

4
.7
4

8
.4
6

28
.0
7

0
.0
4

0
.0
3

0
.0
2

0
.0
4

0
.1
2

T
ot
al

17
.5
1

17
.4
4

3.
79

1.
4
4

3.
9
6

6
.6
6

13
.3
7

11
.1
1

9
.0
7

10
.4
6

4
4
.0
1

2.
34

1.
9
5

1.
59

1.
8
3

7.
71

Sh
ru
bl
an
d

EB
S

2.
32

18
.4
2

4
.9
5

3.
9
2

9
.1
0

13
.2
2

9
.4
5

10
.4
2

33
.0
9

0
.3
1

0
.2
2

0
.2
4

0
.7
7

EC
S

0
.7
2

16
.4
0

3.
74

6
.1
4

8
.7
6

12
.0
7

7.
4
0

9
.2
8

28
.7
5

0
.0
9

0
.0
5

0
.0
7

0
.2
1

D
BS

14
.7
8

25
.3
5

3.
9
6

5.
74

11
.6
8

16
.6
6

17
.8
4

9
.6
2

4
4
.1
2

2.
4
6

2.
6
4

1.
4
2

6
.5
2

T
ot
al

17
.8
2

20
.0
6

4
.2
1

5.
27

9
.8
5

13
.9
8

11
.5
6

9
.7
7

35
.3
2

2.
4
9

2.
0
6

1.
74

6
.2
9

G
ra
ss
la
nd

A
M
G

27
.4
7

16
.7
0

4
.0
7

10
.3
9

4
.5
1

3.
8
7

8
.3
8

1.
24

1.
0
6

2.
30

A
T
G

53
.4

13
.5
0

3.
9
2

8
.7
1

0
.6
3

0
.9
0

1.
53

0
.3
4

0
.4
8

0
.8
2

A
D
G

6
3.
0
7

15
.7
3

3.
76

9
.7
5

0
.4
6

1.
8
6

2.
33

0
.2
9

1.
18

1.
4
7

T
ot
al

14
3.
9
4

15
.3
1

3.
9
2

9
.6
1

1.
8
7

2.
21

4
.0
8

2.
6
9

3.
18

5.
8
7

D
es
er
t

D
es
er
t

1.
4
1

13
.1
3

3.
6
8

8
.4
1

1.
9
1

1.
50

3.
4
1

0
.0
3

0
.0
2

0
.0
5

T
ot
al

T
ot
al

18
0
.6
8

16
.4
9

4
.0
0

1.
4
4

4
.2
1

8
.6
3

7.
78

11
.3
4

9
.0
7

5.
9
9

21
.7
1

7.
55

4
.0
1

1.
59

6
.7
7

19
.9
2

EB
F
ev
er
gr
ee
n
br
oa
d–
le
av
ed

fo
re
st
,E
C
F
ev
er
gr
ee
n
co
ni
fe
ro
us

fo
re
st
,D

BF
de

ci
du

ou
s
br
oa
d–
le
av
ed

fo
re
st
,M

F
co
ni
fe
ro
us

an
d
br
oa
d–
le
av
ed

m
ix
ed

fo
re
st
,E
BS

ev
er
gr
ee
n
br
oa
d–
le
av
ed

sh
ru
bs
,E

C
S
ev
er
gr
ee
n
co
ni
fe
ro
us

sh
ru
bs
,D

BS
de

ci
du

ou
s
br
oa
d–
le
av
ed

sh
ru
bs
,A

M
G
al
pi
ne

m
ea
do

w
gr
as
sl
an
d,

A
TG

al
pi
ne

ty
pi
ca
l
gr
as
sl
an
d,

A
D
G
al
pi
ne

de
se
rt
gr
as
sl
an
d.

† D
at
a
su
pp

or
t
fr
om

G
eo

gr
ap
hi
c
D
at
a
Sh

ar
in
g
In
fr
as
tr
uc
tu
re
,
C
ol
le
ge

of
U
rb
an

an
d
En

vi
ro
nm

en
ta
l
Sc
ie
nc
e
(h
tt
p:
//

ge
od

at
a.
pk
u.
ed

u.
cn
).

ARTICLE COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-01033-8

8 COMMUNICATIONS EARTH & ENVIRONMENT |           (2023) 4:368 | https://doi.org/10.1038/s43247-023-01033-8 | www.nature.com/commsenv

http://geodata.pku.edu.cn
www.nature.com/commsenv


(shrubland), and 0.67 (grassland), not much of a difference,
suggesting that the allocation of plant leaves and roots in these
communities was stable, and that nutrient allocation strategy of
the plant was more conservative39.

On the contrary, the desert exhibited distinctive isomeric K
allocation patterns (Table 1), with a scaling exponent (slope) for
Dleaf vs. Droot of 1.51. This unique allocation strategy in the desert
can be attributed to its extreme environmental conditions such as
drought, freezing temperatures, and large diurnal temperature
variations. In response to these challenges, plants in the desert
enhance their roots to improve nutrient uptake, allocating more K
to roots to enhance passive water uptake capacity, increase cell
turgor pressure, and enhance resistance to desiccation, thereby
improving drought tolerance16. In addition, K+ ions play a
crucial role in stimulating the activity of carbohydrate-
metabolizing enzymes in roots47. Together, they regulate the
permeability of cells and increase the stability of cell membranes
to prevent intracellular freezing at low temperatures and reduce
water loss at high temperatures17,48. In summary, the distinctive
isomeric allocation patterns of Dleaf and Droot observed in the
desert, along its slope, which is inconsistent compared to that of
the forest, shrubland, and grassland. These findings suggest that
the observed K allocation patterns may be a response to specific
environments, such as drought and low temperatures, to achieve
the optimal optimization of resources.

Driving factors on the spatial variation of vegetation K density
in the TP. Poorter and Nagel49 demonstrated the plasticity of spatial
variation in plant nutrition and the potential impact of environ-
mental changes on this variation. Through the utilization of SEM
and linear regression (Fig. 4 and Supplementary Fig. S4), pre-
cipitation emerged as a significant environmental driver for spatial
variation in vegetation K density on the TP, showing a positive
correlation with K density. Notably, plants in humid regions
exhibited higher K density (Supplementary Figs. S6 and S7), which
can enhance their ability to resist waterlogging by increasing the
passive transport of K3. The temperature-biogeochemistry hypothesis
hold that soil nutrient availability primarily determines plant
nutrition distribution. Traditionally, soil nutrients have been
recognized as the primary regulators of plant K50,51. In contrast, our
study reveals that the impact of soil K is relatively minor (Fig. 4 and
Supplementary Figs. S4, S6, and S7), The temperature-
biogeochemistry hypothesis was not well tested in our study. In
addition, according to this hypothesis temperature-plant physiology
hypothesis, it is logical that the lower the temperature, the higher the
plant K content. However, in contradiction to this, our results
(Supplementary Figs. S4–S7) show that, the higher the temperature,
the higher the K in the leaves. This inconsistency can be rationalized
by the fact that suitable temperatures promote essential physiological
processes like photosynthesis and transpiration. These processes
require more K to activate relevant enzymes and facilitate the
synthesis and transportation of amino acids, proteins, and
carbohydrates52.

However, when considering the relatively low coefficient of
determination (R2 < 45%), in conjunction with the consistent
support for the stability of limiting hypothesis41 and the
stoichiometric homeostasis theory53, the factors that remain
unexplained could potentially be attributed to the maintenance
of homeostasis in plants. Additionally, these unexplained factors
might be associated with other overlooked variables, such as the
impact of iceberg snowmelt on soil water content, which would
subsequently influence the capacity of plant roots to uptake
K54,55. Furthermore, it is worth noting that the effects of plant
taxonomy, phylogeny, and the intraspecific variation of func-
tional traits caused by the water-energy dynamic changes brought

about by the altitude of the TP are also crucial factors influencing
the investigation of environmental drivers in relation to plant K
dynamics (ref.56,57; Sigdel et al. 2023). Consequently, there is an
imperative to cultivate a more comprehensive understanding of
the mechanisms underlying environmental drivers of plant K, as
it contributes to the advancement of our knowledge regarding
material cycling and energy flux in terrestrial ecosystems.

The combination of grid sampling with the model accurately
predicts the spatial map of vegetation K on the TP. The com-
bination of grid sampling with the RF model greatly improved K
density estimation. Previous studies estimating elemental content
and density only used a linear regression model10,41. Thus, the
covariance problem of multiple linear regression models and the
accuracy of model fitting were significantly affected58. Moreover,
numerous theoretical and empirical studies have demonstrated
that RF has a high prediction accuracy. RF has good tolerance to
outliers and noise, and it is not prone to overfitting59. Here, we
used uniform and standardized grid sampling, which evenly
distributes the sampling points. The community K density data
were measured by us, rather than integrated, which should also
reduce the error of the transmission process to some extent.

Based on the results of the constructed RF (Fig. 6 and
Supplementary Figs. S9 and S10), the predicted values matched
well with the true values, and the accuracy of the fitting process
was high. This implies a strong correlation between K density and
the screened environmental factors, and the selected independent
variables could initially reflect the information of the community
K density in general. The spatial distribution of K content and
density of each component in the TP with a resolution of 1 km
(Fig. 6 and Supplementary Fig. S8) showed a decreasing trend
from the southeast to northwest, which is consistent with the
results obtained using direct statistical methods (Table 2).
However, some uncertainties remain in the estimation process:
The environmental data quality, errors introduced in the raw
data, and data processing should result from some uncertainty.
Moreover, according to direct statistical methods, the total K
storage in vegetation on the TP was estimated in this study to be
19.92 Tg in this study, of which 7,71, 6.29, 5.87, and 0.05 Tg were
stored in the forest, shrubland, grassland, and desert, respectively
(Table 2). In addition, forests are the largest K reservoir on the
TP, which may be closely related to their high K density.
However, since the area is extracted from Wu et al.35 and is not
an actual measurement, the accuracy has to be considered.
Importantly, this is the first assessment of K storage on the TP to
date, and the datasets of K content and density at the regional
level should be used as input parameters or initial variables for
global K-cycle models and as calibration data.

Conclusions
The K content, density, and storage of vegetation in the TP were
evaluated using systematic investigation data from 2040 natural
plant communities. At the community level, K contents in the
leaf, branch, trunk, and root were estimated at 16.05, 3.91, 1.46,
and 4.03 mg g –1, respectively, and the K density in these organs
was 6.07 (Dleaf), 12.84 (Dbranch), 10.39 (Dtrunk), and 4.86 (Droot)
g m–2. Furthermore, within the context of scaling relationships,
the allocation strategy of K density among different plant organs
and communities has been widely observed. Plants in desert
adopt specific isomeric strategies to adapt to various low-
temperature and arid environments. For environmental drivers,
precipitation, radiation, and PO2 are identified as the primary
environmental factors driving variations in K density. The posi-
tive correlation of K density with precipitation and temperature
arises from the role of K+ in regulating osmotic pressure,
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stimulating enzyme activity, enhancing photosynthesis, and
promoting protein amino acid synthesis, among other physiolo-
gical functions. Regarding spatial distribution, both K content
and density exhibited a trend of higher values in the southeast
and lower values in the northwest. Leveraging the random forest
model, we effectively captured the spatial patterns of K density on
the TP at a 1 km resolution, achieving an accuracy exceeding
70%. Our research findings further underscore the fundamental
significance of K, especially in the context of the TP, as well as the
response of plant K to future global changes. These insights
should contribute significantly to substantial improvements in
existing earth system models that are related to these factors.

Data availability
The data of K are available from the National Tibetan Plateau Data Center at https://doi.
org/10.11888/Terre.tpdc.272420 and https://doi.org/10.11888/Terre.tpdc.272695.
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