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Abstract Ecosystem imbalance is often associated with a feedback mechanism, which a self-amplifying

or -dampening process expressed by a pathway of causal processes that come back to its starting point,
establishing a cycle. Warming, which is increasing worldwide due to human activities, influences the structure
and functioning of ecosystems, has threatened sustainable regional and global development, especially over

the mountain regions. This is because, the climatic condition rapidly changes along elevation gradients, which
may amplify or mitigate the effects of climate on ecosystems. Based on it, a reference system and standardized
techniques are extremely important to understand the ecosystem imbalance. Because of terrestrial oxygen
production (TOP), which is the terrestrial biosphere continually absorbs CO, and releases O, resulting through
vegetation photosynthesis, is closely related to the exchange of energy, carbon and other ecosystem factors
between the atmosphere and the land. Therefore, whether TOP significantly increases indicate that accelerate in
ecosystem imbalance over the Tibetan Plateau (TP) is largely unknown. To do so, integrated with characteristics
and drivers of TOP, we investigated how TOP changes respond to ecosystem imbalance over the TP. These
changes are influenced by related to climatic conditions, plant productivity, soil fertility, and microbial stability,
which can establish a positive feedback loop that standardized direct effect is 0.99, 0.73, 0.75, and 0.75. Our
findings suggest that ecosystem imbalance will accelerate with rapid TOP increase over the TP by ~2,100. This
study confirms the importance of the ecosystem imbalance under global warming in the future.

Plain Language Summary Ecosystem is no longer at balance, which refers to a state in
natural/semi-natural ecosystems cannot maintain its stability under external stress. Human disturbances

have knocked the Earth away from a steady state, which are broken by periods of transience. We consider
that the concept of imbalance in ecosystem is useful and should be embraced, owing to human activities are
transforming the world so profoundly, such as anthropogenic global climate warming. In the Anthropocene,
alpine ecosystems tend to be fragile and sensitive to anthropogenic climate warming, especially over cold-high
latitudes regions, such as the Tibetan Plateau (TP) (“third pole” of the world). Conclusions that are derived
from researches in non-mountainous regions are not suitable for forecasting the effects of climate changes on
alpine mountains, mainly due to the climatic condition rapidly changes with elevation, which may amplify or
mitigate the effects of warming. Herein, we evaluated whether increasing terrestrial oxygen production (TOP)
responses to ecosystem imbalance are the standard rather than the aberration and if these changes are driven
by the existence of one or multiple attributes over the TP. Our results point to that ecosystem imbalance will
accelerate with rapid TOP increase over the TP by ~2,100.

1. Introduction

Regional ecosystems can be affected by global warming and, conversely, can themselves drive the effects of
another distant ecosystems, such as the Tibetan Plateau (TP), “third pole” of the world (T. Wang et al., 2021). The
TP, where annual average rainfall is <450 mm, cover ~60% of alpine grassland and is one of the most sensitive
to climate change and soil degradation (Jiao et al., 2021). Increasing terrestrial oxygen production (TOP), as a
proxy of vegetation growth, driven mainly by net primary productivity (NPP) (Huang, Yu, et al., 2020), is a major
indicator of anthropogenic climate warming in drylands (Han et al., 2021; Huang et al., 2016; Huang, Zhang,
et al., 2020), and links to the multiple ecosystem attributes (C. Li et al., 2021; Liu et al., 2020; Wei et al., 2021).
However, it remains to be elucidated whether these changes in state indicate that the ecosystem imbalance.

The NPP is the net amount of carbon dioxide (CO,) captured by vegetation through photosynthesis in an ecosys-
tem over a given period (Potter et al., 1999), affecting energy budget, plant productivity, carbon cycle, hydro-
logical cycle, biodiversity, and ecosystem service provision (Crabtree et al., 2009; Haberl et al., 2007; S. L. Piao
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et al., 2020). Thus, a slight change in NPP could have a major impact on ecosystem balance, especially with
respect to the temporal and spatial variations in NPP and its interaction with environmental factors (Dirnbock
et al., 2003; Scurlock et al., 2002; Xu et al., 2016). Meanwhile, the vast majority of NPP in the biosphere is
derived by the Calvin-cycle (Calvin, 1956) in plants. The Calvin-cycle (carbon reaction) provides ADP and Pi
to the light reaction (oxygenation rates of Rubisco) in photosynthesis. Hence, the carbon (carbon fixation-NPP)
and light (O, continuous production process) reactions of photosynthesis are tightly coupled. These information
showed that under the global warming, increasing TOP, as a proxy of vegetation growth, is affected primarily by
NPP. The NPP is the driving force, in the context of ecosystem balance, and TOP is the result. Therefore, TOP is
closely related to ecosystem balance.

Breaking the ecosystem balance (ecosystem imbalance) is associated with a positive feedback mechanism, which
a self-amplifying process expressed by a pathway of causal processes that get back to its starting point, forming
a cycle (Rocha et al., 2018). For instance, recent research has shown permafrost degradation induce soil C loss in
TP, which is more affected by warming, and potentially reduces the stability of active layer microbial communi-
ties (Wu et al., 2021). The soil C loss is not only an essentially nonrenewable phenomenon on human time scales,
but also the biggest contributor to variability of terrestrial C dioxide emissions, these processes lead to a positive
feedback cycle with the warming reinforcing (Guan et al., 2019; Huang, Li, et al., 2017; Huang, Yu, et al., 2017).
Whether increasing TOP responses to ecosystem imbalance are the standard rather than the aberration and if
these changes are driven by the existence of one or multiple attributes remain poorly understand.

Ecosystem attributes, which relate to the abiotic and biotic characteristics of an ecosystem (e.g., composition,
species, size, and so on), are strongly interactional (Wu & Li, 2019). Variations in a given attribute induced by
increases in warming may trigger sequential changes in others (Berdugo et al., 2020), it is likely that largely alters
ecosystem functions and processes to mountain ecosystems, owing to the environments rapidly change along
elevation gradients (Peters et al., 2019). Ecosystem functions, which refer to the individual components connected
with different ecosystem processes such as plant, soil and organisms, are the multiple processes conducted by
ecosystems (Boudell, 2016). If these interactional changes are development process, then this could potentially
lead to a series of imbalance phases influencing multiple ecosystem attributes in the future. For example, increas-
ing warming may cause a rapid change in vegetation growth such as enhance vegetation photosynthesis, which
in turn may trigger shifts in soil-microbial interactions that later result in changes in C cycling (Jansson &
Hofmockel, 2020).

Comprehending whether the interacted responses of multiple ecosystem attributes to some accelerate each other
away from a stable state, creating a positive feedback to climate warming, or if they are expressed by one or
multiple sequential attributes that amplify them is important for improving predictions of ecosystem imbalance
responses to climate warming. Therefore, this information is also essential to depict sensitivities and vulnera-
bilities in TP, which has the largest extent of high-elevation mountain permafrost in global areas that includes
1.06 x 10° km? and stores approximately 74% of the soil C (Wu et al., 2021). TP permafrost is experiencing
temperature rising at a level that is about double the global mean (He et al., 2021), with active layer thickness
and average annual soil temperatures increasing significantly since the mid-1950s, resulting in a decrease in
alpine permafrost of ~23.8% (Wu et al., 2021). TP permafrost warming may induce soil C loss, critical for
regional/global C cycling, and be mediated by microbes, and associated with potentially a positive C feedback
(Wu et al., 2021).

Here, we evaluated whether multiple ecosystem factors exhibit linear or non-linear responses to increases in
TOP along elevational gradients and if these changes are driven by the existence of single or multiple attributes
over the TP. To do so, we collected the 44 ecosystem factors, including 14 climatic, 8 plant, 12 soil, and 10 soil
microbial indicators, at 30 study sites, along an approximately 2,200 km alpine grasslands that cover all the major
natural ecosystems found on an elevational gradient that increases from 3,112 to 4,764 m above sea level over the
TP (Tables S1 and S2 in Supporting Information S1). These indicators are highly associated with the ability of TP
to provide vital ecosystem services. Ecosystem services are defined as the direct and/or indirect contributions of
in natural/semi-natural ecosystems to human well-being (Portman & Elhanan, 2016). Accordingly, the ecosystem
biological, chemical, and physical studies and local examples are important for changing in TOP process devel-
opment in sensitive regions.

The major process in the TOP is manifested in many spheres, such as abiotic and biotic processes, in the Earth's
system. TOP, for example, is a biological process that absorbs energy from sunlight to synthesize oxygen and
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carbohydrate molecules from carbon dioxide and water. This process seems simple, but it is closely associ-
ated with other essential processes in the thermal cycle (e.g., temperature variations), hydrological cycle (e.g.,
water storage), and biogeochemical cycle (e.g., carbon fixation) (Huang et al., 2021). Therefore, many studies
suggested an origin of TOP was close in time to “Great Oxidation Event” and the rise of atmospheric oxygen was
directly driven by the evolution of terrestrial ecosystem (Huang et al., 2021; Soo et al., 2017). Based on this, we
also analyzed variables related to climatic-TOP interconnects, plant-TOP interconnects, soil-TOP interconnects,
and microbial-TOP interconnects, as well as climatic- plant- soil- and microbial indicator interconnects.

2. Material and Methods
2.1. Plant, Soil, and Microbial Indicators Data Set

We collected 30 sites data set, including 12 meadow sites and 18 steppe sites (Tables S1 and S2 in Supporting
Information S1, n = 30), along the elevational gradient during the growing seasons between early July and early
September in 2013 and 2014 (L. Chen et al., 2019). Field sampling was established five 1 X 1 m quadrats at
the center and the corners of a 10 X 10 m plot (L. Chen et al., 2019). First, the mean coverage for each species,
including grass, forb, and sedge, was estimated at each quadrat; subsequently, the aboveground NPP was obtained
by clipping the above-ground plants at ground level; finally, soil samples in a depth of 10 cm from three quadrats,
which along a diagonal line in the 10 X 10 m plot, were mixed as one composite sample for subsequent analyses
(L. Chen et al., 2019). These sites were covering a wide range of plant properties (e.g., NPP, 38-488 g m~2 yr~),
soil properties (e.g., SOC, 1.1-118 g kg~"), and microbial properties (e.g., TPLFA, 6.83-82.37 nmol g~') across
the plateau. Notably, the principal considerations for selecting the sampling sites were based on climate gradi-
ent, owing to climate change induced regional variations in plant properties and soil properties across this study
area, thereby further determined the dynamic of soil microbial properties (L. Chen et al., 2019). Except for TC
(SOC plus SIC (Yu et al., 2014)), ST10 (from the “climatic indicators data set”), R, (according to R, = a X e/,
where R is soil respiration, T is soil temperature at 10 cm depth, along a and f are regression coefficients (B.
Chen et al., 2010)), as well as C/N is the TC:TN, residual plant- soil- and microbial data set further details of
conditions and measurement set-up are available from previous publication (L. Chen et al., 2019). See Figure 1
for abbreviations.

2.2. Climatic Indicators Data Set

We selected climatic indicators data set consistent with the locations where plant, soil and microbial indicators
occurred during 2013-2014, with n = 30 study sites. The global land data assimilation system (GLDAS) uses
satellite- and ground-based observational data products, which use land surface modeling and data assimilation
to generate the fields of land surface states and fluxes (Rodell et al., 2004). All the variables used from the data
set of GLDAS 2.1 Land Information System land surface model monthly mean output (available at https://ldas.
gsfc.nasa.gov/data). The land surface model was Noah version 3.3.

The input meteorology forcings were from the National Centers for Environmental Prediction, Global Data
Assimilation System, National Aeronautics and Space Administration (NASA), Goddard EOS Data Assimilation
System (GEOS), the European Centre for Medium Range Weather Forecasting, and the Princeton Global Mete-
orological Forcing Data Set. The input mean rain rate was determined from disaggregated Climate Prediction
Center (CPC) merged analysis of precipitation (CMAP) data, the Global Precipitation Climatology Project, the
National Oceanic and Atmospheric Administration/CPC MORPHing technique (CMORPH) for precipitation,
NASA/Goddard Space Flight Center (GSFC), Tropical Rainfall Measuring Mission (TRMM) 3B42 (V7) precip-
itation data, NASA/GSFC TRMM 3B42RT Realtime Huffman precipitation data, Naval Research Laboratory
precipitation data and PERSIANN precipitation data. The input shortwave and longwave data were from the Air
Force Weather Agency radiation data. In this study, all the GLDAS data were used at a 1.0° X 1.0° resolution. We
calculated the annual means of the data and used them as the meteorology and land surface indicators. Figure 1
shows the indicators of 44 ecosystem factors, including 14 climatic, 8 plant, 12 soil, and 10 microbial indicators
as well as their acronyms, extended names, and significant changes in elevations.

2.3. Model Simulation

To account for changes in TOP under future warming scenarios, we estimated the terrestrial NPP, NEP, and R,
by the end of the twenty-first century using recent Intergovernmental Panel on Climate Change (IPCC) climate
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Figure 1. Changes in ecosystem factors with elevation. (a) Spatial pattern of the TOP flux across the Tibetan Plateau over 1990-2005 (historical) on average (kg
m~2) based on nine CMIP5 models. Trends in (b) observed-climatic, (c) plant, (d) soil, and (¢) microbial indicators along the elevational gradients occurred during
2013-2014. TOP, terrestrial oxygen production; CMIPS5, fifth coupled model intercomparison project.

projections (CMIPS5). The ensemble means of the CMIP5 models address the uncertainty in inter-model vari-
ability and provide better predictions than any individual model. Thus, the nine CMIP5 models (Table S3 in
Supporting Information S1) were selected because of the criterion that they provide terrestrial NPP, NEP, and
R, (Huang et al., 2018). Based on the CMIP5 historical simulations end in 2005, we extended them to 2099 by
splicing them with the corresponding RCP4.5 and RCP8.5 scenarios (Marvel et al., 2019). As a result, TOP and
respiration can be expressed as:

6H,0 + 6CO; — CsH 206 + 60, (D
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where C(H,,Oq is the approximate composition of terrestrial organic matter. The net ecosystem productivity
refers to the amount of NPP remaining after including the consumption of R,. Thus, we further calculated the net
amount of TOP flux based on the following linear regression:

TOP = ((NPP — Ry) = NEP) x 2.667 )

because the molar mass of oxygen is 32 g per mole and that of carbon is 12 g per mole, the ratio is 2.667.
NPP, net primary productivity; NEP, net ecosystem productivity; and R,, soil heterotrophic respiration. The TOP
content (1 Gt = 10" g) was calculated according to the area-weighted sum of oxygen production flux (kg m~;
1 kg = 103 g). Further details of these methods for oxygen analyses have previously been published (Huang
et al., 2018).

2.4. Statistical Analysis

Before doing all the statistical analysis, all data was tested for min-max normalized (actual value (y;) — minimum
(y))/(maximum (y) — minimum (y)). Simple regression analysis, Pearson correlation, and Independent-samples
t test were used to reveal the relationships between ecosystems factors and elevations, as well as test the effects
of elevation gradients and land cover changes on climatic, plant, soil, and microbial properties. Given the strong
inter-correlations and connections among the various factors, Pearson correlation matrix, which was performed
with R statistical software v.3.6.1 (R Development Core Team, 2016), was first conducted to evaluate the relation-
ships (Peters et al., 2019) between the TOP and the ecosystem factors. Other statistical analyses were performed
using SPSS the 17.0 statistical software package for Windows (SPSS, Inc., Chicago, IL, USA) with the signifi-
cance level at P = 0.05.

Before performing the structural equation modeling (SEM), we first standardized each variable using the min-max
normalized. Then, established the a priori model based on our prior knowledge of the direct and indirect effects
(. Li et al., 2020) of 14 climatic, 8 plant, 12 soil, and 10 microbial indicators on TOP, respectively. Finally, we
selected a final model based on an overall goodness-of-fit (Eldridge et al., 2018), including the Chi-square (y?)/
degree of freedom (df), root mean square error of approximation, root mean square residual, comparative fit
index, goodness of fit index, and normed fit index. The standardized total effect was calculated according to
direct plus indirect effects (J. Li et al., 2020). SEM has emerged as a synthesis of factor analysis along with path
analysis and widely used in ecological studies as a causal inference tool (J. Li et al., 2020; Z. Li et al., 2022). The
SEM analyses were performed using the AMOS 17.0 IBM., Chicago, IL, USA).

3. Results
3.1. Characteristic Analysis of TOP
3.1.1. Spatial Patterns

Over the TP ecosystem, the regional patterns of TOP in a spatially explicit fashion (Figure 1a). TOP showed
an increase from the northwestern to southeastern part, corresponding well to the land cover changes, which
from alpine steppe to alpine meadow (Yang et al., 2009), across the plateau. The change in TOP in alpine steppe
could be explained by plant attributes (e.g., biomass), much lower than that in alpine meadow (Figure 2b). These
differences are primarily driven by the growth-limiting factors (e.g., temperature and humidity as major climatic
conditions). Most plant attributes significantly increased with an increase in humidity (e.g., TF, positive corre-
lations) and a decrease in temperature (e.g., ALB, negative correlations) (Figure 2a), due to higher wet condi-
tions can result in a higher plant production and density (Epstein et al., 1997). Additionally, compared with
alpine steppe, increased humidity can lead to more accumulated in SOC (as a key determinant of soil fertility) in
alpine meadow, shift in bacterial compositions (Jansson & Hofmockel, 2020) and increase in fungal abundance
(Figures 2c-2f), ultimately affecting vegetation photosynthesis and TOP capacity.

3.1.2. Elevational Gradients

Changing climatic conditions with elevation shape the natural plant-, soil- and microbial-mediated functions
peaked at sub-montane (middle elevations), which affecting changes in TOP (Figures 1-3), are consistent with
that observed in ecosystem factor changes on Africa's largest mountain by Peters et al. (2019). In other words,
the ecosystem attributes evaluated responded in a non-linear manner to the elevation gradient. Under global
anthropogenic warming (outer cycle, external temperature transport), once a warming level was reached over the
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TP, small enhances in warming resulted in drastic variances in the value of the attribute or modified its relation-
ship with warming (Berdugo et al., 2020), consequently accelerate the breaking of TOP stability (an irreversible
state). In the TP ecosystem, TOP is projected to increase greatly (Figure 6), this is consistent with the previous
results showing the positive effects of climate change, mainly from anthropogenic warmer temperature, driving
the vegetation greening in the TP (S. L. Piao et al., 2020; Zhu et al., 2016). TOP plays a crucial indicator role in
the ecosystem imbalance, is closely linked to the vegetation greening. Therefore, it is important further to under-
standing the changes in TOP under future global warming in this fragile ecosystem.

3.1.3. Model Projections

According to the mean of nine CMIP5 models, compared with during the historical period of 1990-2005, the
TOP flux was projected to increase by ~0.01 kg m~2 under RCP4.5 and by ~0.04 kg m~2 under RCP8.5 during
2006-2099, respectively (Figures 6a and 6b). Additionally, the TOP content increased significantly (P < 0.001)
among historical, RCP4.5 and RCP8.5 from an independent samples ¢ test (Figure 6¢). The highest TOP contents
were all found in RCP8.5 scenario per year (Figure 6d), indicating that the high global warming scenario plays
a dominant driving role in TOP. Previous results also confirmed that over the global semi-arid areas, the warm-
ing of 1.53°C during the boreal cold season from 1901 to 2009 exceeded that for the average annual tempera-
ture increase of 1.13°C (Huang et al., 2012; Huang, Li, et al., 2017). Models project that addition warming of
over 2°C under RCP4.5 and 4°C under RCP8.5 in drylands by ~2,100, respectively (Huang, Li, et al., 2017).
These changes in temperature may alter the TOP content was higher under RCP8.5 than under RCP4.5 (Han
et al., 2021), for example, through enhancing the atmospheric C dioxide concentration and extending the vegeta-
tion growing season (S. L. Piao et al., 2020).

3.2. Driving Mechanism of TOP
3.2.1. Climatic-TOP Interconnects

Changing climatic indicators along the natural elevation gradient shape the natural vegetation zones on the TP,
affecting terrestrial NPP (Gao et al., 2019) associated TOP variability. Here, we showed that TF had the greatest
positive effect, followed by PET, RZSM, and SH, as indicated by the standardized total effects (direct plus indi-
rect effects) in predicting the TOP content. However, ALB had the highest predictive negative power, followed
by DHFS, ST, and PRE, in predicting the TOP content over the TP (Figures 3d and 3e).

3.2.2. Plant-TOP Interconnects

Land cover (alpine steppe and alpine meadow) change exerts a considerable but extremely spatially variable
affect TOP changes. An SEM was conducted in alpine grassland, indicating that EVI had the strongest total
positive effect, followed by CIA, CG, CF, and ANPP, in predicting the TOP (Figures 3a and 3e). This TOP is
closely related to a statistically significant increase in annual oxygen releases flux/content at a location resulting,
for example, from increases in average vegetation greenness, plant density, species composition, and biomass
number per plant because changes in the global anthropogenic warming.

3.2.3. Soil-TOP Interconnects

SOC, which as a major C pools of soils, is driven by vegetation greening due to the rate of plant-C input directly
affects the amount of SOC. In turn, SOC can mediate soil physicochemical processes (e.g., soil bulk density
and acid-base scale), which determine soil BD and pH levels, thus regulating the vegetation growth and TOP
content (Figure 3c). Our results revealed that SOC had the largest total positive effect, followed by SIC, and R,
in predicting the TOP; in contrast, BD had the largest total negative effect, followed by pH, and C/N (Figure 3e).

3.2.4. Microbial-TOP Interconnects

Soil microbial communities, which govern biogeochemical cycling of elements crucial for the growth of plant,
are intimately related to plant biomass, community and type, can regulate the plant photosynthesis through their
activity increases (Jansson & Hofmockel, 2020). Of the microbial factors analyzed in this study, Cenzy had the

Figure 2. The response of ecosystem factors to climatic conditions, land cover, and elevation. (a, ¢, and e) Show that relationships between climatic indicators and
plant, soil, and microbial indicators, respectively. *0.05 < P < 0.1, **P < 0.05, and ***P < 0.01. The statistical sample size is n = 30 study sites. Correspondingly, in
panels (b, d, and f), independent-samples ¢ test indicate that comparison of the ratio values between alpine meadow (“meadow,” n = 12) and alpine steppe (‘“‘steppe,”
n = 18), as well as in different elevation zones, including relatively low-montane (“Low,” 3112-3650 m a.s.1, n = 6), sub-montane (“Middle,” 3830-4390 m a.s.l,

n = 10), and montane (“High,” 4417-4764 m a.s.1, n = 14). *0.05 < Sig. < 0.1, #Sig. < 0.05, and *#Sig. < 0.01. See Figure 1 for ecosystem factors abbreviations.
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Figure 4. Terrestrial oxygen production (TOP) responses to ecosystem factors. (a) Right, a visualization of a Pearson
correlation matrix of 44 ecosystem factors. (b) Middle, structural equation modeling (SEM) analysis of the ecosystem
factors-TOP interconnects. Line strength is plotted as a standardized total effect on TOP per ecosystem factor (strong

effect = thick lines). The total effect per ecosystem factor is denoted in dark red (negative) or dark green (positive). (c) Left,
the SEM describing a positive feedback loop for the four observable variables under the strong effect on TOP. ROMF: y%/
df=4.257, RMSEA = 0.275, RMR = 0.002, CFI = 0.982, GFI = 0.922, and NFI = 0.977. Square boxes denote variables
included in the model. Values associated with solid arrows represent standardized path coefficients, which reflect the effect
size of the relationship. See Figure 1 for ecosystem factors abbreviations.

strongest total positive effect, followed by BPLFA, Nenzy, and FPLFA, in predicting the TOP, whereas Penzy
only occurred in the negative effect (Figures 3b and 3e).

Together, these divers evoke a positive feedback loop that aggravate TOP capacity (Figure 4). The Pearson corre-
lation matrix of ecosystem factors showed that ecosystem indicators are strongly interconnects (Figure 4a), this
result was consistent with the reports of Berdugo et al. (2020) for global ecosystem responses to aridity and that
of Jansson and Hofmockel (2020) for soil microbiomes and climate change. Figure 4b indicated that SEMs in
different ecosystem factors were conducted for TOP. Aggregately, climatic, plant, soil, and microbial factors are
the main driver of TOP, can establish a positive feedback loop, which the standardized direct effect is 0.99, 0.73,
0.75, and 0.75, respectively, in this region (Figure 4c).

4. Discussion
4.1. TOP Changes

We explored the spatial patterns of the multiyear averaged TOP values over the TP during 1990-2005 (Figure 1a),
indicating spatially highly heterogeneous TOP changes, because different vegetation sensitivities to climatic

Figure 3. Positive, negative, and total sum of effects on terrestrial oxygen production (TOP) provided by the SEMs. Standardized positive (solid circles associated
with solid arrows) and negative (solid circles associated with dashed arrows) of effects of (a) plant, (b) microbial, (c) soil, and (d) climatic on TOP, as derived from the
SEM, respectively. The standardized total effects (direct plus indirect) in panel (€). SEM, structural equation modeling; ROMF, results of the optimal model fitting; y*/
df, chi-square/degree of freedom; RMSEA, root mean square error of approximation; RMR, root mean square residual; CFI, comparative fit index; GFI, goodness of fit
index; and NFI, normed fit index. See Figure 1 for ecosystem factors abbreviations.
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conditions and nutrient availability along the elevational gradients (Figures 1b—1le and 2), might play various
roles across different regions. For instance, in clod regions, vegetation activity is mostly limited by low temper-
ature (Menzel et al., 2006), and decreased vegetation growth along increasing elevation gradient is therefore
probably associated with the cooler temperature at higher elevations (Gao et al., 2019). Meanwhile, many studies
refer to homogenized vegetation activities (e.g., autumn leaf senescence and spring leaf unfolding) changes were
based on the results of raised warming rate at higher natural elevations (Pepin et al., 2015) and the assumption
of the key role of temperature in driving vegetation activities (S. Piao et al., 2007). Thus, vegetation growth
link to TOP changes can be more sensitive to climate warming at higher elevations (Tao et al., 2015). In the
tropics, elevation-temperature relationship may not be such a main limiting factor for vegetation greening (Gao
et al., 2019). Instead, human activities play an important role in driving vegetation greening, such as agricultural
intensification (S. L. Piao et al., 2020), affecting soil fertility and TOP capacity (positive feedback to climate
warming), especially in developing countries (Han et al., 2021). Therefore, anthropogenic climate changes, for
example, have played vital roles in driving the elevational gradients of TOP and their changes (Han et al., 2021).

Additionally, we forecast the temporal trends of the TOP based on ensemble mean of nine CMIP5 models under
the high (RCP8.5) and moderate (RCP4.5) emission scenarios for the future period of 2006-2099 (Figure 6).
The results showed that TOP for the two scenarios in all TP regions indicate a significant increasing trend at the
end of the 21st century, especially under the RCP8.5. We found the temporal patterns of the TOP representing
vegetation growth, as well as indicated a clear geographical pattern over the TP regions. Embedded elevational
temperature control the elevational changes of TOP suggested that temperature is the key driver shaping the
elevation-vegetation relationship, along highlights the significance of understanding TOP and their dominant
drivers in the spatial context. Mountainous regions harbor the most diverse terrestrial ecosystems and provide
essential ecosystem services (Gao et al., 2019), such as the exchange of energy, carbon, water, and so on between
the atmosphere and the land (Viviroli et al., 2007). These exchange factors that determine the elevation-vegetation
relationship, as well as their recent changes, are highly heterogeneous across the TP surface. Such heterogeneities
possibly support the greatly variable responses of the elevation-vegetation relationship to recent anthropogenic
climate changes.

4.2. Drivers of TOP

Several ecosystem factors are thought to effect on TOP, including climatic conditions, land cover changes, soil
fertility, and soil microbial activity (Figure 5). However, non-linear effects and interactions make it challenging to
quantify the single contribution of these ecosystem factors to revealed TOP change. We discuss the contribution
of several dominant drivers of TOP to quantitatively attribute the studied TOP change in each of these ecosystem
factors.

4.2.1. Climatic Conditions

Although changes in TOP depending on many factors, climatic conditions changes, such as temperature and
humidity, are the main driver of TOP changes (Figures 2 and 3), which exert significantly impacts on the increas-
ing NPP (Huang et al., 2018). For example, warming increases vegetation photosynthesis by accelerating the
rate of carboxylation (S. L. Piao et al., 2020) in the boreal and Arctic regions (Keenan & Riley, 2018) through
extending the growing season (S. Piao et al., 2007) and enhancing metabolism (Braswell et al., 1997). Likewise,
dynamic global vegetation models' forecasts show that the significantly effects of climate change, mainly from
warmer temperature (Lucht et al., 2002), control the greening trend over approximately 55% of the northern high
latitudes (S. L. Piao et al., 2020) and in the TP (Zhu et al., 2016). Earlier spring vegetation greening-induced defi-
cit of summer soil moisture, and subsequently aggravate soil disruption (Lian et al., 2020), suggesting a possible
unsustainable development of future greening in response to warmer temperature. In water-limited ecosystems,
shifts in humidity-reflecting either climate variability or tends from climate warming-were suggested as the vital
driving of greening and TOP (Han et al., 2021), such as parts of Australia and African (S. L. Piao et al., 2020).

4.2.2. Land Cover Changes

Land cover change provides a considerable yet highly spatially variable impact on TOP changes over the TP
regions (Figures la and 6). As the largest source of atmospheric oxygen (e.g., Amazon rain forest), the terres-
trial vegetation continually absorbs CO, and emits O, into the atmosphere through vegetation photosynthesis,
thereby maintaining the atmospheric O, at a safe level. Previous studies have already showed that vegetation
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Figure 5. A conceptual framework to explain how the responses of terrestrial oxygen production (TOP) to the ecosystem
imbalance over the Tibetan Plateau. Several ecosystem factors are thought to effect on TOP, including climatic conditions,
land cover changes, soil fertility, and soil microbial attributes. However, non-linear effects and interactions make it
challenging to quantify the single contribution of these ecosystem factors to revealed TOP change. We discuss the
contribution of several dominant drivers of TOP to quantitatively attribute the studied TOP change in each of these ecosystem
factors. Notably, this conceptual diagram mainly focused on the most important path analysis derived from the structural
equation modeling analysis.

activity change ~19% of the northern temperate vegetation (25-50°N) are mainly driven by land cover change
(S. L. Piao et al., 2020; Zhu et al., 2016). This vegetation growth-induced evapotranspiration increase enhances
atmospheric water vapor concentration, which, in turn, improves downwind precipitation (S. L. Piao et al., 2020;
Teuling et al., 2017). These findings could partially explain nearly the changes of precipitation over the TP,
which a northwest (steppe) to southeast (meadow) precipitation gradient ranging from 84 to 593 mm per year (L.
Chen et al., 2019). Thus, by controlling the changes in evapotranspiration, land cover change also alters the water
distribution between areas and water pools, can either amplify or mitigate runoff regionally through affecting
the pattern of precipitation (S. L. Piao et al., 2020). Notably, land cover changes associated with precipitation
gradient induced regional variations in soil properties such as SOC (Lugato et al., 2021) and microbial activities
such as Cenzy (L. Chen et al., 2019) across the TP, which further controlled the pattern of TOP (Han et al., 2021).

4.2.3. Soil Fertility

Soil fertility is associated with “provides yield” (Berdugo et al., 2020). SOC, as the basis of soil fertility and the
dominant source of energy for soil microbial activity, plays a key role for vegetation growth and photosynthesis,
has been found to change progressively with nutrient availability, is controlled by the balance between C inputs
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Figure 6. Temporal characteristics of terrestrial oxygen production (TOP) flux based on ensemble mean of nine CMIP5 models. (a, b) show that trend in the TOP flux
(kg m~2 15 yr~") under the RCP4.5 and RCP8.5 scenarios from 2006 to 2099, respectively. In panel (c), the x-axis shows historical (1990-2005), RCP4.5 (2006-2099),
and RCP8.5 (2006-2099). The y-axis shows the comparison among the historical (pink), RCP4.5 (green), and RCP8.5 (blue) TOP content (Gt). ***indicate that the
significant difference at P < 0.001 from an independent samples 7 test. The violin plot shows the distribution of the data. The top and bottom of each box represent

the 75% and 25% quantiles. The point inside and the line outside each box represent the median and 95% confidence interval. (d) Changes in the TOP content as years
under different warming scenarios. **P < 0.01.

from plants and C outputs via microbial decomposition (Berdugo et al., 2020; Han et al., 2021). In contrast, soil
degradation, owing to soil thermal regime and instability, which particularly over sensitive permafrost regions
at high altitudes and latitudes store approximately 50% of the world's SOC (C. C. Mu et al., 2020), will emit
more CO, into the atmosphere and reduce the SOC storage (C. Mu et al., 2016). SOC decreases as soil BD and
pH increases, due to the decrease in soil aggregate stability and soil porosity (Jilkov4 et al., 2021). A weakening
soil aggregates combined with the changes in the sources of Ca®*, Mg?*, and Na*, can induce a weakening SOC
protection to against biodegradation (L. Chen et al., 2019). Much of the TP regions contain most of the Earth's
alpine permafrost, which have a large easily decomposable (labile) fraction of SOC, accounting for ~50% of the
total SOC in a depth of 10 cm soil layers (C. C. Mu et al., 2020). Therefore, permafrost regions are much extremely
sensitive and vulnerable to enhanced warming than soils of non-permafrost regions (C. C. Mu et al., 2020). The
increasing greenness phenomenon may as an indicator of major and persistent changes in the soil degradation;
on the other side, affecting the long-term sustainability of TOP in the future. For example, spring-vegetation
greening-enhanced evaporation from surfaces and transpiration by plants results in a reduction in soil moisture
associated with destroy the soil aggregates, which increases the risk of heatwaves (S. L. Piao et al., 2020).

4.2.4. Soil Microbial Activities

Soil microbial activities are highly responsible for cycling of SOC and other nutrients, have an important role
in climate feedback, including consumption or production of greenhouse gases such as CO,. In turn, climate
constrains soil microbial activities to determine the consequences of soil processes that cycle SOC and other
nutrients (Jansson & Hofmockel, 2020). Warming can lead to an increase in SOC below ground because increases
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in plant production, with corresponding shifts in soil microbial community composition and increases in micro-
bial biomass; however, SOC may decompose at a faster rate than it is fixated (Jansson & Hofmockel, 2020).
Partly due to N and P availability strongly affects C cycling in soil ecosystems (Luo et al., 2020). These nutrients
enhancement can increase C inputs into through increased above- and below-ground biomass, but at the same time
can accelerate SOC decomposition (Luo et al., 2020). Nutrient enhancement increased control of fast-growing
bacteria, while P enhancement alone intensified the competitive interactions between saprotrophic fungi and
arbuscular mycorrhizal (Luo et al., 2020). Above changes resulted in decreases in the microbial C use efficiency
of vanillin by 8.5% and of glucose by 1.6%-3.5%, and therefore, reduced SOC in the topsoil (Luo et al., 2020).
These changes in soil biogeochemical pathways (e.g., C, N, and P) can have profound effects on vegetation photo-
synthesis, and lasting impact TOP capacity (Han et al., 2021). Such as some efficient nutrients recycling mitigate
nutrients loss from the soil, sustain vegetation growth and maintain soil fertility and TOP capacity.

4.3. The Relationship Between the TOP and Ecosystem Imbalance
4.3.1. Atmospheric Oxygen and TOP

Oxygen budget refers to a state in which atmospheric oxygen fluctuations, associated with the TOP and oxygen
consumption. Under the RCP8.5 scenario, the global ~100 gigatonnes/year of atmosphere oxygen would be
removed until 2,100 (from its current level of 20.946%-20.825%), mainly owing to human-induced oxygen
consumption, such as fossil fuel combustion, human respiration, livestock respiration, and wildfires (Liu
et al., 2020), have caused irreversible atmosphere oxygen decline (Huang et al., 2018). Therefore, TOP is the
positive driving force, in the context of atmospheric oxygen fluctuations, and oxygen decline is the result. The
unique weather conditions and vegetation types, together with a low intensity of human disturbances (Yang
et al., 2008), make the TP an ideal region for exploring spatial-temporal changes and environmental controls of
TOP in high-altitude ecosystems. Therefore, under anthropogenic global climate warming, TOP plays a crucial
indicator role in the ecosystem imbalance over the TP.

4.3.2. The Mechanism Between Oxygen Variation and Ecosystem Imbalance

Under the RCP8.5 scenario, Han et al. (2021) showed that significant (P < 0.01) linear regression positive rela-
tionships between oxygen consumption-to-production ratio and air temperature, precipitation, potential evapo-
transpiration, and dryland areas, respectively. The oxygen variation is related to increase in human disturbances
and activities, plays a crucial role in anthropogenic climate warming (Huang et al., 2018). Thus, when oxygen
production is unsustainable (e.g., water limitation to vegetation growth) combined with oxygen consumption
(e.g., fossil fuel combustion), this scenario will accelerate the ecosystem imbalance (Han et al., 2021). Ecosys-
tem imbalance-induced land degradation, which may lead to soil water constraining vegetation changes (Hoover
et al., 2015), affects the photosynthesis rate of vegetation canopy that can absorb CO, and emit O,, alters atmos-
pheric O, variation, giving rise to a positive feedback that accelerates global warming.

4.3.3. Oxygen Decline Restricts Ecosystem Growth

A decline in O, content is a common phenomenon, accelerating and occurring on a global scale (Wei et al., 2021),
owing to rapid population growth, fast economic development, and urbanization (Han et al., 2021). Climate warm-
ing has been associated with the quick increase of atmospheric CO, but has not been generally considered to the
variations of atmospheric O, IPCC, 2013). In fact, the atmospheric percentage of O,, owing to its contribution
to air density and mass, impacts the optical depth of the atmosphere, is suggested as the main factor in climate
forcing (Poulsen et al., 2015). Under low partial pressure of O, and a reduced-mass atmosphere, shortwave
scattering by cloud fractions and air molecules is less frequent, causing a substantial raise in land surface short-
wave forcing (Poulsen et al., 2015). Through feedbacks involving the latent heat fluxes to Earth's atmosphere,
land surface shortwave forcing drives raises greenhouse forcing, and enhances global land surface temperature
(Poulsen et al., 2015). As aresult, global land surface temperatures increase with declining O, content, which may
have amplified greenhouse warming forcing (Poulsen et al., 2015), and ultimately restricting ecosystem growth.

4.4. The Four Phases of Ecosystem Imbalance

TOP is an important indicator of the ecosystem imbalance, especially over the TP associated with a small-intensity
of human-induced influences. In the Anthropocene, ecosystem imbalance is often associated with the “external
stress.” For example, the warming rate on the TP is about three times that of global warming (Qiu, 2008). The
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so-called “vegetation greening” of the Earth-system, caused by enhanced vegetation growth, largely owing to
increasing air temperature, has increased the NPP in recent decades, this process is known as the “extending
the growing season” (S. L. Piao et al., 2020). However, increasing atmospheric CO, is a major factor driving
air temperature increase, and can contribute to a positive feedback loop that aggravates global warming. For
instance, warming the soil enhances microbial respiration, and emitting CO, back into the atmosphere (Steffen
et al., 2018). Thus, in Figure 4s, the Pearson correlation matrix of ecosystem factors linked to SEMs showed that
ecosystem indicators are strongly interconnects; climatic, plant, soil, and microbial factors are the main driver
of TOP, can establish a positive feedback loop, which the standardized direct effect is 0.99, 0.73, 0.75, and 0.75,
respectively, over the TP. According to changes in TOP, our studies suggest that the response of ecosystem
imbalance to warming can be organized into four phases characterized by concurring non-linear ecosystem shifts
(Figure 5).

First, defined the ecosystem changes with increases in TOP (under different warming scenarios, Figure 6) start
with a “climate warming phase” characterized by variations of climatic indicators, associated with positive (e.g.,
TF) and negative (e.g., ALB) feedbacks to TOP, and have caused the energy imbalance between TF cooling and
ALB warming. Vegetation growth reduces ALB and the extra energy available at the surface is efficiently dissi-
pated by TF cooling (inner cycle, within the region), suggesting mitigation of regional warming in the near future.
However, under GHGs-induced warming (outer cycle), increased vegetation productivity needs more water,
which could lead to terrestrial water storage declines through the depletion of aquifers (J. Wang et al., 2018),
may exacerbate the risk of soil degradation, posing a severe threat to ecosystems (Huang, Li, et al., 2017; Huang,
Zhang, et al., 2020).

Second, as TOP continues to increase (Figure 6), we identified a “plant rise phase” characterized by an increas-
ing trend in vegetation productivity that is consistent with observed the dominant driver-EVI. Plants increase
their above- and below-ground biomass are closely related to SOC fixation during the plant rise phase, but the
SOC fixation may need to many years, due to differences the rates of SOC turnover in the different soil biomes
(Jansson & Hofmockel, 2020), especially over fragile ecosystems. In addition, plant growth, which combined
with changes in ice-snow melting (increased runoff erosion) and permafrost thaw (accelerated C decomposition)
may continue over this region under warming (Shen et al., 2015). Therefore, we speculate that the quality and
quantity of plant C inputs into the soil may trigger a series of extreme costs needed for extracting nutrients to keep
a positive C gain under enhanced warming (Carvajal et al., 2019).

Third, as permafrost warming, we identified a “soil disruption phase” characterized by major variation in SOC (as
a vital role in regulating climate). Enhanced TP warming may aggravate the soil degradation, such as permafrost
collapse, by causing a higher evaporative demand and vapor pressure deficit (Huang, Li, et al., 2017). Addition-
ally, the decreased soil moisture may lead more energy to sensible heat flux than to latent heat flux (Seneviratne
et al., 2010), resulting in an even stronger effect on temperature extremes (Vogel et al., 2017). Changes in
temperature-moisture resulting from climate warming are more likely to alter strongly the SOC turnover capacity
in high latitude and altitude area, both via vegetation shifts and through direct warming impacts on decompo-
sition and photosynthesis (Huang, Li, et al., 2017; Sjogersten & Wookey, 2016). Furthermore, erosion-induced
soil degradation may also result in the emission of SOC (Lal, 2004). Therefore, the soil degradation severely
constrains the vegetation growth and effect on the TOP rate of plant that can absorb atmospheric CO, and store
soil C in the future.

Finally, we detected a “microbial response phase” characterized by soil microbial responses to environmen-
tal stress in different ways, depending on their physiological states. Across terrestrial biomes, soil microbial
communities-driven greenhouse gas emissions such as C dioxide are elevating and positively feeding back on
climate warming (Cavicchioli et al., 2019), forming a cycle. Ignorance of the role of, impacts on and feedback
response of soil microbial communities to climate warming can result in our own peril (Cavicchioli et al., 2019).
Our results indicated that climate and other drivers are the dominant causal mechanism of TOP, can lead to a
positive feedback loop that aggravates ecosystem imbalance over TP regions (Figure 4c). We also note that these
concerns are generally consistent with the recent “warning to humanity” (Cavicchioli et al., 2019) that acts as a
wake-up call to the significance of soil microbiomes in creating ecosystem stability in the near future as climate
changes (Jansson & Hofmockel, 2020).
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5. Conclusions

We emphasize that this work goes beyond current knowledge by identifying and first proposing four phases of
ecosystem imbalance characterized by consecutively increasing TOP. The four phases, which “climate warming
phase,
play an important role in understanding the development of ecosystem imbalance over the TP. According to this

2 < LLaY3

plant rise phase,” “soil disruption phase,” and “microbial responses phase” of changes in ecosystem

driving mechanism, alpine meadow showed stronger resistance and less resilience to ecosystem imbalance than
that of alpine steppe, due to differences among ecosystem functions in turnover time (e.g., SOC) and ecosystem
imbalance adaptive strategies (e.g., microbial communities). Thus, it is essential for improve us know of the
grassland's management and its ecosystem attributes. In summary, our study provides a well-defined framework
for ecosystem imbalance to explore TOP responses to climatic, plant, soil, and microbial factors. The framework
introduced can be used to identify the environmental factors affecting TOP to indicate the consequences of
ecosystem change, especially in sensitive and fragile areas. In addition, our findings also set up future works to
explore potential catastrophic shifts, such as soil quality assessment, to maintain essential ecosystem services that
need regional sustainable development.
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