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• The spatial map (0.125° × 0.125°) of the
global karst ecosystem with a static/dy-
namic limitation zone was established.

• The global karst ecosystem was jointly
limited by SFR and SM.

• 25.15 t km−2 yr−1 and 0.276 m3 m3

were the ecological thresholds of the
SFR and SM, respectively.

• The SFR limitation on vegetation was
mainly concentrated in Boreal forest
(17%).

• The current state of SFR and SM may
make large areas of karst tropical
rainforest facing degradation into a sa-
vanna.
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Vegetation changes in karst areas are controlled by the soil formation rate (SFR) and soil moisture (SM). How-
ever, little is known about their thresholds and global control patterns. To this end, based on high-precision cli-
mate and vegetation data for 2000–2014, using Pearson correlation analysis, the Hurst index, and change-point
analysis, the thresholds of the SFR and SM in vegetation growth in karst areas were identified. Furthermore, a
spatial map (0.125° × 0.125°) of the global karst ecosystem with a static/dynamic limitation zone was estab-
lished. We found that the net primary productivity (NPP) in 70% of the global climate zones exhibited a dual re-
striction relationship with the SM and SFR. The limitations of the SFR and SM in vegetation growth were most
obvious in subpolar and semi-arid climates. In addition, their ecological thresholds were 25.2 t km−2 yr−1 and
0.28 m3 m−3, respectively. The static limitation of the SFR on the NPP in karst areas accounted for 28.37%, and
the influence of the SM enhanced this limit (21.79%). The limitation of the SFR on vegetationwasmainly concen-
trated in Boreal forests (17%), and the limitation of the SM was mainly concentrated in tropical savannas (12%).
The NPP and the Normalized Difference Vegetation Index (NDVI) were the most sensitive to changes in the SM
and SFR.Moreover, the analysis based on 14 ecologically limitation karst areas further revealed that the reduction
in these factorsmay cause the tropical rain forest to experience degradation. It can be seen that the SM enhanced
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the limiting effect of the SFR on vegetation in karst areas. In short, this interpretation of karst vegetation limita-
tions provides a deeper understanding of and approach to ecosystem evolution and vegetation restoration in
these regions.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

As the climate warms, the functions of terrestrial ecosystems are
strongly promoted under the effect of global CO2 fertilization,
especially in mid-to-high latitude regions (Idso and Kimball, 1993;
Nemani et al., 2003; Silva and Lambers, 2018). However, several studies
have found that the rising atmospheric CO2 concentration rarely
translates into increased vegetation growth (VG) in natural
ecosystems (Oren et al., 2001; Dolan et al., 2017). To achieve the
healthy development of the ecosystem and the restoration of
vegetation, it is necessary to understand the internal response of this
phenomenon. Soil moisture (SM) plays a key role in global climate
change and represents the precipitation and radiation anomalies
(Seneviratne et al., 2010). In regard to the forest ecosystem, the
dynamic characteristics of the SM are of great significance to under-
standing the development process, elementmigration, andmaterial cir-
culation in the soil and the relationship between these factors and VG
(Cowling et al., 1997; Kidron, 2000; Lu et al., 2017). Therefore, as an im-
portant non-biological limiting factor of the ecological pattern, the SM
determines the type, quantity, and distribution of the vegetation (Liu
et al., 2020). In addition to the SM, the soil developed through chemical
weathering of the original bedrock is also the main source of mineral
nutrients required for VG (Kidron, 2000; Silva and Lambers, 2018),
and thus, it regulates the growth potential of plants and soil carbon sat-
uration (Jiang et al., 2020; Yan et al., 2019).

In karst areas, especially in hot and humid areas, soil formation is
dominated by chemical weathering (Stockmann et al., 2014), but the
carbonate rocks in these areas are inherently deficient in soil material
(low carbonate rock acidic insoluble matter content) (Cao et al., 2017;
Wu and Qi, 2021). Therefore, the growth of karst vegetation is limited
by the geological background (Jiang et al., 2020), which is mainly
reflected in the low rate of soil formation (Yuan, 1988), the barren soil
layer, and the differences in the soil loss mechanisms in karst and
non-karst areas. Their characteristics affect the SM and soil fertility
and have an important restrictive effect on the formation and evolution
of ecosystems in karst areas. It is difficult for the vegetation in karst
areas to form a dense vegetation cover, and the ecosystem is fragile (Li
et al., 2020). Many studies have focused on the spatial patterns of forest
communities and have demonstrated that the forests in karst areas are
significantly affected by the soil fertility (Zhang et al., 2021b). Although
soil nutrients are largely dependent on the soil formation rate (SFR)
under the special geological environmental conditions (Zhang et al.,
2021a), research on the SFR and its effect on the environment is quite
weak. Moreover, many soil studies have been based on locations or
local areas; so, there is a lack of soil studies based on large-scale areas
(Amundson, 2021). The impact of the interactions between the soil
and vegetation in karst areas on the global environment remains unpre-
dictable. In addition, it has also largely limited the in-depth study of a
series of resources and environmental issues in this filed.

In this study, we comprehensively considered the SFR and SM in
karst areas and selected thenet primary productivity (NPP), Normalized
Difference Vegetation Index (NDVI), tree height (TH), and vegetation
richness (VR) as VG indicators in order to clarify the response of vegeta-
tion to typical karst environmental factors (SFR and SM). By determin-
ing the common limitations of the SFR and SM on vegetation, their
thresholds for vegetation in different ecological regions were deter-
mined. Finally, the key areas of the spatial static/dynamic limitations
were identified. The results of this study link the distribution of plant
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traits with soil environmental characteristics and geochemical pro-
cesses. These results provide valuable information for understanding
the interaction mechanism between vegetation and the soil environ-
ment in karst areas and allow us to predict changes in ecosystem func-
tions for use in global environmental governance.

2. Materials and methods

2.1. Different indicator datasets

The NPP and the NDVI data of the global karst areas are respectively
derived from Moderate-resolution Imaging Spectroradiometer
(MODIS) datasets includingMOD17A3 andMOD13A3 of National Aero-
nautics and Space Administration (NASA)/EOS LPDAAC Data Distribu-
tion Center (https://earthdata.nasa.gov/), with a spatial resolution of
1 km and a time span of 2000–2014. Then, the data were converted
into Albers projection, stitching, cropping and other processing by
using the professional processing software (MRT TOOLS) provided by
MODIS website to project. We further analyzed the relationship with
different theNPP data and soil in order tomore fully verify the reliability
of the results of this manuscript. These data include (1) the NPP data
based on the Carnegie-Ames-Stanford approach (CASA) model from
NASA (https://earthdata.nasa.gov/); (2) theNPP data based on the Inte-
grated Biosphere Simulator (IBIS) model, and it has been extensively
verified (Zhang et al., 2013); (3) the NPP data based on the Light Use
Efficiencymodel, and it was verified using FLUXNET site data. The accu-
racy of the algorithm was R2 = 0.559, RMSE = 2.782 gC/m2d (Wang
et al., 2020b).

In this study, the Geoscience Laser Altimeter System (GLAS) was
used to retrieve the vegetation TH data (Simard et al., 2011) based on
the Ice, Cloud, and Land Elevation Satellite (ICESat) launched by the
National Aeronautics and Space Administration (NASA) in 2003. Com-
pared with similar existing data, the data are more consistent with the
verification data and have a good regional practicability (Lefsky,
2010). Finally, the spatial data (Kreft and Jetz, 2007) on the vascular
plant richness were obtained from Kreft and Jetz's global dataset of
1032 geographic region units in 2007. The above datasets have been
widely used to study global vegetation, and they are also applicable to
karst ecosystems (Gonsamo et al., 2016; Bai et al., 2019). The climate
data were obtained from NASA (https://disc.gsfc.nasa.gov), including
the global daily precipitation, temperature, evaporation, and solar radi-
ation data from 2000 to 2014, andmonthly data were synthesized from
these datasets. The reliability of all of the data has been recognized by
other researchers (Qiu et al., 2014; Deng et al., 2020a, 2020b). In addi-
tion, in this study, the European Centre for Medium-Range Weather
Forecasts Re-Analysis-Interim (ERA-INTERM) SM data were obtained
from the European medium-sized weather forecast center (https://
www.ecmwf.int/). The monthly range is 0.125°, and the soil depth
that is regarded as the global surface is 0–7 cm. The HCO3

− and CA2+

ion concentration data were derived from the GLORICH-Global river
chemistry database (Hartmann et al., 2019). This database contains in-
formation frommore than 1.27million samples and 18,000 sampling lo-
cations. In this study, 15,517 ion concentration monitoring data from
different regions were screened. The carbonate outcrop area was deter-
mined from the carbonate outcrop world map provided by the Univer-
sity of Auckland (http://www.sges.auckland.ac.nz/sges_research/karst.
shtm). The boundary was also included in the data. This includes re-
gional boundaries in more detail.

https://earthdata.nasa.gov/
https://earthdata.nasa.gov/
https://disc.gsfc.nasa.gov
https://www.ecmwf.int/
https://www.ecmwf.int/
http://www.sges.auckland.ac.nz/sges_research/karst.shtm
http://www.sges.auckland.ac.nz/sges_research/karst.shtm
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2.2. Global boundaries datasets

In order to better link spatial information to specific regions, this
study used different types of regional divisions for the world. Among
them, global national vector boundary data (https://gadm.org/) and
Köppen climate zone classification data (Finlayson and Mcmahon,
2007) were used. At the same time, in the process of quantifying the
ecological threshold of SM and SFR on vegetation, the irrelevant vari-
ables should be control as much as possible. Therefore this study used
global ecological region distribution data (Olson et al., 2001).

2.3. Estimation of SFR

Based on the equilibrium reaction of calcite dissolution, Gombert
(2002) established a carbonate rock theorymaximumpotential dissolu-
tion (MPD) calculation model by assuming that the carbonate rock dis-
solution reaction reaches equilibrium. The formula is as follows:

Dmax ¼ 106 P− Eð Þ Ca2þ
� �

eq

¼ 106 P− Eð Þ KSK1K0=4K2γCa2þγ HCO3
−ð Þ

2
� �1=3

pCO2ð Þ1=3 ð1Þ

where P and E are the average annual precipitation and evapotranspira-
tion, respectively. Ks, K1, K0, and K2 are the calcite solubility constant and
the equilibrium constants when CO2 is converted intoHCO3

−, dissolved
in water, and converted into CO3

2−. Additionally, γi is the activity
coefficient of ion i in water, and pCO2 is the partial pressure of CO2.

The SFR in karst areas can be calculated using the MPD model (Li
et al., 2020):

T ¼ vQpP þ R 1−ð ÞP ð2Þ

where v is the dissolution rate of the carbonate rock (m3 km−2 yr−1); Q
and P are the acid-insoluble content (%) and carbonate rock content (%),
respectively; ρ is the density of limestone under laboratory conditions
(t m−3); and R is the SFR of non-carbonate rocks (t km−2 yr−1).

2.4. Change - point analysis

This study used Change-point analyzer 2.3 (Taylor Enterprises, USA)
to detect and analyze the relationship with vegetation indicators (VIs)
and the SFR and the SM. Then, the SFR and the SM thresholds corre-
sponding to the quantitative characteristics of different plant communi-
ties were determined.

2.5. Pearson correlation analysis

Pearson correlation coefficient was used for correlation analyses be-
tween which the annual average the VIs of each pixel and the SFR and
the SM, the response between them was clarified. The calculation for-
mula is:

R ¼
∑
n

i¼1
xi − xð Þ yi − yð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑
n

i¼1
xi − xð Þ2 ∑

n

i¼1
yi − yð Þ2

s ð3Þ

In the formula, R is the correlation coefficient of x and y, n is the
number of years of study time, xi is the VIs in the i-th year, and yi is
the average annual the SFR and the SM values in the i-th year.

2.6. Assessing the effect of long-term correlation

The Hurst index can quantitatively describe the degree of depen-
dence of a sequence over a long period of time; so, it can be used to
judge whether the future change in the sequence will be continuous.
3

Then, the degree of continuity is described by classifying the numerical
values. The assessment methods of the Hurst index mainly include
the absolute value method, aggregate variance method, rescaled range
(R/S) analysis method, periodogram method, Whittle method, residual
variancemethod, andwavelet analysis method. In this study, the aggre-
gate variance method was used to assess the Hurst exponent of the
correlation coefficient. The principle is to divide the given time series
(Xi, i = 1, 2, …, N) into [N/m] subintervals of equal length (Tomsett
and Toumi, 2001). We separately calculated this in each subinterval to
obtain the average of each interval:

Xm kð Þ ¼ 1
m

∑
km

i¼ k−1ð Þmþ1
xi, k ¼ 1, 2:::, N=m½ � ð4Þ

Then, the sample variance of its mean was calculated:

VarXm ¼ 1
N=m

∑
N=m

k¼1
Xm kð Þ−X
� �2 ð5Þ

If the sequence has long-term dependence, Var Xm ~ mα is estab-
lished. On the logarithmic graph of (m/VarXm), the slope is α through
linear function fitting; so, H = (α/2) + 1. The slope interval can be di-
vided into the following three situations (Montanari et al., 1999):
(1) If 0 ≤ H ≤ 0.5, the changes in the correlation time series of the vege-
tation indicators (VIs) with SFR and SM exhibit reverse persistence.
When the H value tends to 0, the anti-sustainability becomes stronger.
(2) If H = 0.5, the correlation time series has a weak correlation, and
it can be inferred that the future change trend of the factor limitation
is not related to the past changes. (3) If 0. 5 ≤ H ≤ 1, the change in the
time series exhibits positive continuity, that is, it can be inferred that
the future change trend of the factor is consistentwith the past changes.
When H approaches 1, the continuity is stronger.

2.7. Univariate linear regression analysis

In this study, unitary regression trend analysis was used pixel-by-
pixel to analyze the spatial and temporal evolutions of the correlations
between theVIs and the environmental factors in the global karst region
from 2000 to 2014. The calculated slope reflects the trend of the evolu-
tion of each indicator (Gong et al., 2021; Zhang et al., 2021c). A slope of
greater than 0 indicates that the pixel exhibited an increasing trenddur-
ing 2000–2014, and vice versa. The magnitude of the slope reflects the
sharpness of the ascent and descent in the pixel. The greater themagni-
tude of the absolute value of the slope, themore severe the change. The
formula is as follows:

θ ¼
n�∑n

i¼1 i� Aið Þ− ∑n
i¼1i

� �
∑n

i¼1Ai

� �
n�∑n

i¼1i
2 − ∑n

i¼1i
� �2 ð6Þ

where θ is the evolution trend, i is the difference index value, n is the
number of changes, and Ai is the correlation between the different
index under the ith change.

2.8. Statistical analysis of static data indicators

By using a moving window composed of 11 × 11 grid cells
(5.5° × 5.5°) to calculate the local correlation (Carvalhais et al., 2014)
and to simulate the regression trend, the correlation and changes be-
tween the VR and TH and the SFR and SM were evaluated for each
grid cell of the global data. This method can reveal the local importance
of the SFR and SM at the pixel scale and can be used to obtain amore ac-
curate global estimate of the regional change between them. Through
Pearson correlation analysis and univariate linear regression analysis,
the relationship between the vegetation properties and soil can be de-
termined. Such analysis can further clarify the relative importance of

https://gadm.org/
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the SFR and SM in determining the global spatial pattern of vegetation
growth.

3. Results

3.1. Dual limiting effects of the SFR and SM on vegetation in global karst
regions

From 2000 to 2014, the global soil environment continued to fluctu-
ate, which was affected by global warming and other climatic condi-
tions. The key factor (SM) in the global karst areas exhibited a
downward trend, even though it was higher in the karst areas than in
the non-karst areas. However, the NPP in the karst areas around the
world continued to increase (Fig. S1), and the vegetation indicators
were lower than those in non-karst areas (Fig. S2). We conclude that
this may be due to the increase in the SFR, which created favorable
soil conditions for the growth and productivity of vegetation.

Fig. 1 shows the spatial correlations between the NPP and the SFR
and SM (RNpp-SFR, RNpp-SM). In high-latitude and low-latitude cold re-
gions (such as the Qinghai-Tibetan Plateau), the SFR and SM were neg-
atively correlated with the NPP, that is, the higher SFR and SM values
corresponded to weaker VG (−0.03, −0.1). In the low- and mid-
latitude regions, the correlation was the opposite, especially in a grass-
land climate with less precipitation. The increase in the SFR and SM
drove the increase in the NPP to a greater extent (0.21, 0.41). These re-
sults show that if we used different NPP data instead of the NPP data
from the MODIS datasets, a similar pattern would also be found
(Fig. S3). Thus, all these demonstrate that our results are reliable. We
concluded that the positively correlated variables were the factors lim-
iting the ecosystemproductivity because increasing these factors is ben-
eficial in most situations. Moreover, when the NPP was limited by the
Fig. 1. The RNPP-SFR (A) and RNPP-SM (B). And the relationship between t

4

SFR, this state presented an increasing trend and maintained a strong
continuity. Thiswas also true for the SM. It should be noted that the cur-
rent non-limitation areasmay become limitation areas due to the effects
of the SFR and SM over time (Fig. 1C and D). This indicates that the lim-
itation of the NPP by the SFR and SM may become more obvious in the
future, which constrains the NPP in karst areas and affects the VG.

Fig. 2B shows that the correlation between the SFR-NPP correlation
coefficient (RNpp-SFR) and the SFR-NPP correlation coefficient (RNpp-SM)
was positive (R = 0.456, P < 0.05), which indicates that in most
regions, the NPP was subject to the common limitations of the SM and
SFR.When the SFR lost its limiting effect on the VG, the effect of the sur-
face SM also disappeared. More than 70% of the global climate zones
clearly exhibited the dual limitations of the SM and SFR, and the climate
zones constrained by the SFR alone accounted for 88.46% of the total
(Fig. 2A), which shows that except for extreme climate zones, the veg-
etation in the global karst areas was limited by the SFR.

Compared with the NPP, the latitude of the positive correlations be-
tween the SFR and SM and the NDVI (RNDVI-SFR, RNDVI-SM) is shifted
downward by 20°–30°. However, the number of global positive
correlations was also greater than the number of negative
correlations, and this trend will continue to grow in the future. This
different pattern is interpreted as representing a lesser reliance of the
degree and scope of the NDVI on the SFR and a greater reliance on the
SM processing (Fig. S4), especially in the hinterlands of Eurasia and
South America (Brazil).

At almost all latitudes, we found positive and negative correlations
between the SFR and SM and the TH and VR (RTH-SFR, RTH-SM, RVR-SFR,
and RVR-SM), and these ranges were intertwined. In the Northern
Hemisphere, the RTH-SFR was more positive than the RTH-SM (Fig. S5).
However, near the equator, the increase in the SFR in most areas re-
duced the TH, which may be because the impact of the SM was even
heir trend changes, Huster index and correlation coefficient (C, D).



Fig. 2. The average of RNPP-SFR and RNPP-SM in Karst on the Köppen climate zone (A). And the correlation between the RNPP-SFR and RNPP-SM (B). (Af) tropical rainforest climate; (Am) tropical
monsoon climate; (Aw) tropical dry andwet season climate; (Bwh, Bwk) desert climate; (Bsh, Bsk) semi-arid climate; (Cfa, Cwa) subtropical humid climate; (Cfb, Cwb, Cwc, Cfc)maritime
climate; (Csa, Csb) Mediterranean climate; (Dsa Dfa, Dwa, Dsb, Dfb, Dwb) continental humid climate; (Dfc, Dwc, Dfd, Dwd, Dsc, Dsd) subpolar climate; (ET, EF) polar climate.
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stronger. In terms of the VR, although the numbers of pixels with posi-
tive and negative RVR-SFR and RVR-SM were roughly the same, the
intensity of the RVR-SM was much higher than that of the RVR-SFR. In
addition, near the Great Australian Bay Desert, the increase in the SM
may have suppressed the VR. This demonstrates that the SM has a
deeper influence on the VR, regardless of the overall average or spatial
pixel points (Fig. S3).

3.2. Dynamic limitation zone of vegetation in karst areas

According to the changes in the SM and SFR and their correlations
with the various vegetation indicators, the dynamic limitation zones
of the NPP, NDVI, VR, and TH (685.19 km2, 615.13 km2, 701.97 km2,
and 382.06 km2, respectively) were determined (Table 1). Using the
above method, we estimated that 50% of the VR of the karst areas in
the world were the most strongly affected by the limiting factors, and
even the smallest limitation zone of the TH accounted for 26% of the
world's karst areas. This further supports the conclusion that the
changes in the SFR and SMwere related to the growth and development
of the vegetation in karst areas to a greater extent, and the differences in
the responses of the different vegetation characteristics to them were
also obvious.

The changes in the SFR and SMmainly exhibited a superimposed ef-
fect on the NPP, with an area of about 311.08 km2 (Fig. 3). However, the
remaining indicators mainly had a single SM-limitation zone during the
study period (Figs. S5–7).Weanalyzed the changes in theNPP andNDVI
in the dynamic limitation zone from 2000 to 2014 and found that the
zone affected by the SFR expanded,while that affected by the SM slowly
contracted (Fig. S6). This occurred because the areas with an SM drying
trend expanded, and the SFR continued to decline in the dynamic limi-
tation zone, even when the overall trend of the SFR was slowly
Table 1
The dynamic SFR-limited and SM-limited areas (104 km2) for vegetation indicators.

only_SFR_AREA only_SM_AREA SFR&SM_

NPP 93.91 280.2 311.08
NDVI 121.13 311.06 182.94
VR 171.25 409.53 121.19
TH 88.48 232.59 60.98
Total
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increasing due to the impact of global warming. The vegetation in the
karst areas cannot eliminate the negative effects of both the SM and
SFR at the same time; so, there was still a large area of vegetation that
was limited in terms of its growth and development.

The results were further linked with specific spatial regions, and 10
countries with the largest regional karst distribution in the world
were selected (Figs. 3; S7–9). These countries were located in the dy-
namic limitation zone of the VIs. Except for the NDVI, Russia, which ac-
counted for the largest proportion of the karst areas, had the largest
dynamic limitation zone. Although India did not have the smallest
karst area of the 10 countries, the impact of the SM and SFR on the VG
was very small, and the largest zone only occupied 6.05 km2 (VR). The
different VIs of Kazakhstan (KAZ) had very different responses to the
decreases in the SFR and SM. The VR of KAZ was the most sensitive to
the changes in soil and water, and it occupied an area greater than
that in Russia, but only 7.66% of the country's TH in the karst areas be-
came shorter as the SFR and SM decreased. Moreover, the SFR-limited
zones in all of the countries also had SM-limited zones, the proportions
of which were not low, that is, the dynamic changes in the SM during
2000–2014 exacerbated the limitation of the SFR on VG. More impor-
tantly, the range of vegetation limited by the SM in these countries
was much larger than that limited by the SFR, except in Brazil. This
may be because the SFR and SM in Brazil mainly exhibited trends of de-
cline and growth, respectively, during the study period, and the area
with a decrease in the SM coincided with the area in which the SFR de-
creased.

3.3. Ecological thresholds in different ecological regions

The vegetation distribution pattern is the result of the coupling of
multiple factors (Marrs and Due, 2000; Michael and Thomas, 2001;
AREA Limitation AREA Account for

685.19 47.99%
615.13 43.09%
701.97 49.17%
382.06 26.76%

1427.67



Fig. 3. The dynamic limitation zone of the SFR and the SM for NPP in karst areas. 10 countries with the highest karst distribution were selected to analyze their proportions subject to
limitation of the SFR and SM.
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Svenning et al., 2004). Therefore, we divided the world into different
ecological regions formore specific and detailed analysis and controlled
the climate variables in these regions. As can be seen from Figs. S10–12,
the SFR and SM increases were observed to affect the NPP, NDVI, VG,
and TH in the different ecological regions. The area between the upper
and lower solid lines in the figurewas the control area of each indicator,
which represents themaximum possible fluctuation range of each indi-
cator under different SFR and SM conditions. The points outside the con-
trol area represent abnormally good or poor values of each indicator.
The coordinate of the center point of the area between the two shaded
areas in the figure was regarded as the sensitive point of the indicator's
change, which is the threshold of the transition between the different
vegetation growth states in the karst areas.

The results show that the thresholds of the SRF and SM affected a se-
ries of vegetation states in the different ecological regions, but the inten-
sity and breadth of this influence were different. Among all of the
ecological regions, only the NPP, NDVI, VR, and TH were limited by the
SFR and SM in Taiga. When the SFR increased to 25.163 t km−2 yr−1,
Fig. 4. Threshold statistics of global karst the SFR (A
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the inflection point of the NPP, NDVI, and TH appeared. At this time,
the NPP jumped from 320 g m−2 to 491 g m−2. The percentage increase
reached 53.44%. When the SFR increased to 0.318 m3 m−3, the vegeta-
tion status also increased sharply, indicating that the vegetation in this
region was heavily dependent on soil formation through weathering,
and the SM may be the main mechanism of water resource supply. The
opposite situation occurred in the mangrove areas. If and only if the
NDVI increased from 0.44 to 0.70, the SFR threshold was
25.044 t km−2 yr−1, with 94% confidence. The increase or decrease in
the SM did not affect the growth and development of the mangroves.
Flooded grasslands and savannas and temperate broadleaf and mixed
forests exhibited similar situations regarding the SM limitation. The trop-
ical and subtropical dry broadleaf forests, tropical and subtropical conif-
erous forests, deserts, and xeric shrublands were not affected by the SFR.

In general, when the SFR and SM were 25.028–25.631 t km−2 yr−1

and 0.221–0.339 m3 m−3, respectively (Fig. 4), different VIs would ex-
hibit step-like increases. The VR was the least sensitive to the changes
in the SFR and SM. The VR had the highest requirements under SM
) and SM (B) for different vegetation indicators.
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and SFR conditions, and the average threshold values of the VR were
also the largest among those of the other VIs.Webelieve that vegetation
will grow better only when the SFR and SM are greater than the thresh-
old corresponding to the characteristics of each plant community.

3.4. Current patterns of the SFR and SM limitations on karst vegetation

Herein, we delineated the area below the threshold point from 2000
to 2014 as the static vegetation limitation zone. As shown in Fig. S13,
most of the karst areas in the world were affected by the SFR and SM,
which made them high-risk areas for vegetation degradation. This
made these areas unable to maintain the necessary ecological condi-
tions for biological survival, which would have a negative impact on
human well-being in the global karst areas.

The effects of the SFR and SM on the different vegetation character-
istics exhibited spatial differences. Under different VIs, each SM-limited
zone was relatively consistent. For the SFR, the opposite was true
(Fig. 5). The SFR limited 47.73% of the vegetation in the global karst
areas, and the SM-limited zone accounted for 43.44% (Fig. S13). As can
be seen from Table S2, it can be clearly found that the area where the
VR was inhibited by the SFR during the study period was the widest
(up to 681.375 km2). This area was much larger than that of the SM
(558.86 km2). The results show that the SFR in karst areas mainly lim-
ited the growth of the NPP above 30°N, but the limited performance
of the NDVI was observed in only 25.02% of the area because the NDVI
was mostly limited by the SFR and was also suppressed by the SM. It
was confirmed that the dual limiting effect of the SFR and the SM was
mainly concentrated in southwestern China and Central Asia. The limi-
tation of the TH was similar to that of the NDVI, but it was mainly con-
centrated in Central Asia and eastern Russia. The VR had another
limitation distribution. For example, the VG on the Qinghai-Tibetan Pla-
teau was mainly controlled by the SM instead of the SFR. The VG in the
SouthernHemispherewas almost only limited by the low SFR. This phe-
nomenon once again illustrates the limitation of the VG by the SFR. Only
when the SFR reaches a higher level will the soil accumulate to a certain
thickness and produce enough nutrients and microorganisms for the
growth and development of more types of plants.

The vegetation in Asian karst areas may be more dangerous than
that on other continents (Fig. 5). Both the SFR and SM limited a large
amount of vegetation in Asia, especially in terms of the NDVI and TH
and mainly on the Qinghai-Tibetan Plateau. In the Eurasian karst
areas, the area where the NDVI was limited by the SFRwas the smallest
(Fig. 5A). Oceania has a smaller karst area; so, the local karst vegetation
was less disturbed by the SFR and SM compared to that on other conti-
nents. However, it is undeniable that except for the NPP in the northern
part of the site, which was almost unlimited by the two factors, the
Fig. 5. The SFR-limited and SM-limited diversion for vegetation
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limited zones of the other VIs covered almost the entire karst areas of
Oceania. The main reason for this was that the larger area of the SM
was below the threshold. For the ecological region, it is obvious that
more vegetation types were affected by the SM than by the SFR. Unlike
the distribution of vegetation, which was affected by the SFR, the area
only limited by the SM in the desert grassland.

4. Discussion

4.1. Comparison with related studies

We compared the SFR calculated in this study with other scholars'
results to further confirm the reliability of our results. Most previous
studies of the SFR in karst areas focused on China and parts of China,
which are rich in karst environment resources. We believe that the
average SFR on the national scale should be within the results range
of other scholars. Therefore, we compared the Chinese-scale SFR
calculated in this study with the results of different scholars. In this
study, the SFR of the karst areas in China was calculated to be
25.76 t km−2 yr−1, while Li et al. (2020) reported that the average SFR
in China from 1983 to 2015 was 18.59 t km−2 yr−1, which is slightly
smaller than the result obtained in this study. This may be caused by ig-
noring the influence of the carbonate and clastic rock interbedded as-
semblage (CA) area and the differences in the lengths of the study
periods. Li et al. (2006) calculated the SFR of Guizhou Province to be
6.75–103.46 t km−2 yr−1 in 2006. Cao et al. (2008) found that the SFR
in Southwest China was 4–120 t km−2 yr−1. Li et al. (2017) calculated
the allowable loss in southern China to be in the SFR range of
20 < SFR ≤ 100 t km−2 yr−1. The results of this study are all within
the range of variation defined by these different research results; so,
we believe that the calculation of the SFR in this study is reliable.

Deng et al. (2020a, 2020b) found that due to the influence of the
thickness of the soil layer, the SM in China's karst areas was higher
than that in its non-karst areas. This was also observed when the re-
search was extended to the global scale. In addition, plant physiological
phenology (end-of-season photosynthesis) was more sensitive to envi-
ronmental changes. Several scholars have conducted research on the
limitation of the SM on vegetation photosynthesis (Zhang et al., 2020).
They found that the SM and vegetation photosynthesis also had a posi-
tive spatial correlation, which further demonstrates that the SM had
confinement effects on the VG in space.

4.2. Differences in the thresholds in different ecological regions

The SRF and SMwere found to affect a series of vegetation character-
istics (Fig. 4) in different ecological regions. When the areas limited by
indicators from different continents or ecological regions.
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the SFR and SM are excluded, the relationship between the climate and
vegetation is further strengthened (Fig. S14). However, the intensity
and breadth of this impact were different due to the different climate
and vegetation habits (Wang et al., 2020a).

In tropical and subtropicalmoisture broadleaf forests, the vegetation
is mainly controlled by the water conditions (Yan et al., 2013). There-
fore, changes in the SFR do not affect it. The growth of Hardwood
shrub and hardwood canopy or emergent hardwood shrub requires fa-
vorable environmental conditions. They need thick soils to survive
(Zhang and Zang, 2007). This makes it possible to meet the normal liv-
ing conditions of these plants only when the SFR is greater than
25.631 t km−2 yr−1, thereby enriching the species richness of the tall
vegetation in this ecological region and increasing its average TH. In
terms of the SM conditions, O'Connell et al. (2018) investigated the
humid tropical forests of Puerto Rico and found that these humid trop-
ical forests respond positively to decreased SM. As the soil gradually
dried (SM < 0.28 m3 m−3), the litter of the vegetation gradually in-
creased, and the biomass and TH began to decrease (Giardina et al.,
2018) because that moisture was not sufficient to be transported to
the higher canopy. However, the soil desiccation affected the death of
the vegetation through hydrodynamics rather than carbon starvation
of tropical rain forest vegetation (Guo et al., 2018). Thus, for this zone,
the NPP had no corresponding ecological threshold. Fig. S12 also
shows that both the SFR and SM limited the abundance of vegetation
before causing the decline in the TH. This also demonstrates that com-
pared with other plants, tall trees require more water and a greater
soil thickness to support their growth and development. Moreover,
this also resulted in the 31.19 × 104 km2 of karst tropical rainforest fac-
ing degradation into a savanna under the limitation of the SM, and the
low SFR expanded such high-risk areas by 13.90% (Table S2).

The savannawas generally distributed in Africa, Australia, and North
and South America with high temperatures throughout the year and
distinct dry and wet seasons. It is a thermal ecosystem with symbiosis
of perennial drought-tolerant herbs, shrubs, and isolated trees (Harris,
1980; Walter, 1994). The VG in this ecological region is mainly limited
by water (Walker et al., 1981); so, the VIs had a positive response to
the SM (Sankaran et al., 2005). When the SM gradually reached the
threshold range (0.239–0.339 m3 m−3), the NPP, NDVI, VR, and TH of
the savanna increased. We speculated that under these conditions, the
grass and trees were in stable symbiosis. In particular, if the SM exceeds
0.339 m3 m−3, tall trees may appear in this area. In addition, if the SM
decreases to <0.198 m3 m−3, the ecosystem may be severely damaged
and may degenerate into tropical grasslands. Tropical and subtropical
dry broadleaf forests are ecological regions composed of hard-leaved
broadleaf forest vegetation in dry and hot valleys. UnlikeMediterranean
forests, the climate here is warm and hot and dry and cold at the same
time. In addition, the vegetation has the ability to adapt to droughts
and heat. Themain types of natural vegetation areWoodfordia fruticosa
(L.) Kurz., Heteropogoneontortus, savanna shrubs, dry grass, and succu-
lent prickly shrubs such as cacti on the stony surfaces. Therefore, this
vegetation has a strong ability to survive and is widely distributed in
limestone mountains with shallow soil layers (Jiang, 1980; Jin and Qu,
1981). Moreover, the change point further demonstrates that the SFR
did not have a severe impact in this zone, that is, therewas no ecological
threshold for the SFR. However, the continuous increase in the SM
inhibited the normal growth of this vegetation, causing the NPP to
drop below 0.223 m3 m−3. In addition, when the SM further increased
to 0.339 m3 m−3, the productivity of some moisture-loving vines in-
creased to enrich their species.

With the latitude shifting to the north, the temperate broadleaf and
mixed forests were luxuriant in summer and sparse in winter, but the
SM did not change simultaneously with the phenology. Jin et al.
(2017) studied the response of the water use efficiency (WUE) to the
flux-based photosynthetic onset and found that the WUE in spring
had a significant positive response to the advanced photosynthesis in
this zone, which caused the SM to decrease and led to summer water
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stress (Leuzinger et al., 2005; Kljun et al., 2006). In autumn and winter,
the climate was coldwith little rain, and the vegetation evapotranspira-
tion was low. Although the SM was low, the vegetation absorption was
weak, and the change in the SM was not significant. In contrast, in
spring and summer, the temperature increased significantly, the vege-
tation activity was vigorous, and the evaporation of the forest soil and
vegetation was strong, which led to serious loss of SM. This phenome-
non allowed the vegetation to grow rapidly, even under the extreme
SM deficiency (Meehl and Tebaldi, 2004). In addition to climate factors,
the increase in the SFR had a huge impact on the temperate broadleaf
and mixed forests. One reason for this was that soil microorganisms af-
fected the plant communities (You et al., 2020; van der Putten et al.,
2013) through the availability of soil nutrients. In addition, the increase
in the SFR expanded their breeding and living space. Another reason for
this was that China, Europe, and North America, which have the best
conditions for the growth of temperate broad-leaved forests, have be-
come the largest acid deposition areas (Wang et al., 2014),which affects
the normal growth and development of vegetation. The decrease in the
SFR in forests reduces the soil organic matter content (Mo et al., 2003),
which in turn causes a decrease in the CEC (the number of moles of ex-
changeable cations electrostatically adsorbed per unit mass of soil) and
the soil acid buffer capacity (Fang et al., 2017). Therefore, when the SFR
was greater than 25.407 t km−2 yr−1, the growth and development of
the vegetation in this zone could be satisfied. It should be noted that
the SFR values below the global threshold were mostly distributed in
the threemajor acid rain regions of theworld, whichmay lead to further
forest degradation in the future (Fig. S13).

Taiga was the only ecological region where the different VIs had
thresholds for both the SFR and SM, that is, the SFR and SM were both
important environmental factors and influenced the vegetation changes
in Taiga. This zone is mainly composed of cold-resistant coniferous
trees, and they are often pure forests composed of a single species.
The main tree species are shallow-rooted vegetation (e.g., spruce, fir,
and larch) and are susceptible to environmental factors. Among them,
the soil fertility is an important factor influencing the VG, and the SM
plays an important positive role in the soil organic carbon content in
Taiga (Sewell et al., 2020). When the SM was greater than
0.322 m3 m−3, it may have offset the loss of coniferous forest due to
warming and wildfires (Petrie et al., 2016; D'Orangeville et al., 2018).
In addition, we also believe that areas with consistently high SFRs can
accumulate thicker soil layers on a long-time scale, and they have a
stronger ability to resist soil erosion. In addition, Liu andYang (2014) re-
ported that wildfires consumed the surface soil layer. Therefore, only a
higher SFR can reduce the soil loss rate,whichwill help the seeds to ger-
minate quickly and achieve effective vegetation restoration.

4.3. Uncertainty and future perspectives

The results of and assumptions made in this study are uncertain. In
terms of the SFR calculation, the influence of the carbonate and CA
area was ignored, even though it accounts for a small area. Thus, in
order to more accurately quantify the magnitude and distribution of
the SFR, it is necessary to further unify the classification of the karst
areas and confirm the distribution areas of the different lithological
combinations in order to improve the reference significance of the
results.

In terms of the SM, in this study, only the surface SM (0–7 cm) was
evaluated. However, the reachable depths of the roots of different veg-
etation are different, and the deeper SM may also affect the regularity
andmaintenance of the normal growth and development of vegetation.
This needs to be explored further. In future research, the impact of the
SM at different soil depths on vegetation should be studied to enable
more accurate judgment of the changes in the ecological threshold of
the SM in the vertical direction.

Finally, in this study, different ecological regions were used to con-
trol the main environmental variables, such as the temperature and
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precipitation, as much as possible, but the soil bulk density, soil mi-
crobes, and the thickness of the soil surface organic matter layer are
also different in the different zones. They all create living conditions
for vegetation growth and supply nutrients, and they lead to the differ-
ent morphological characteristics of the vegetation in karst areas. Con-
sequently, the results obtained in this study lack comprehensive
control over variables. We will devote more attention to the effects of
different factors in related research in the future.

5. Conclusions

Based on high-precision ecological, hydrological and meteorological
spatial datasets, using trend analysis, correlation analysis, and change
point analysis methods, we found vegetation changes in karst areas
were obviously controlled by SFR and SM. In addition, we established
further a spatial map (0.125° × 0.125°) of the global karst ecosystem
with a static/dynamic limitation zone based on the SFR and SM thresh-
olds. The conclusions are the following:

(1) the limitation of the NPP by the SFR and SM may become more
obvious in the future, which constrains the NPP in karst areas
and affects the VG. Moreover, except for extreme climate zones,
the vegetation in the global karst areas was limited by the SFR.

(2) The dynamic limitation zones of NPP, NDVI, VR and TH covered
an area of 685.19 km2, 615.13 km2, 701.97 km2, and
382.06 km2, respectively. We estimated that 50% of the VR of
the karst areas in the world were the most strongly affected by
the limiting factors, and even the smallest limitation zone of
the TH accounted for 26% of the world's karst areas.

(3) In 10 countries with the largest karst regional distribution, the
dynamic changes in the SM during 2000–2014 exacerbated the
limitation of the SFR on VG. More importantly, the range of veg-
etation limited by the SM in these countries was much larger
than that limited by the SFR, except in Brazil.

(4) When the SFR and SM were 25.028–25.631 t km−2 yr−1 and
0.221–0.339 m3 m−3, respectively, different VIs would exhibit
step-like increases. In addition, the SFR limited 47.73% of the veg-
etation in the global karst areas, and the SM-limited zone ac-
counted for 43.44%.

(5) the 31.19 × 104 km2 of karst tropical rainforest facing degrada-
tion into a savanna under the limitation of the SM, and the low
SFR expanded such high-risk areas by 13.90%.
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