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e The impact paths of climate and
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e Water and heat accumulation had
opposing impacts on AGB in temperate
arid regions.
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ABSTRACT

Alpine grasslands on the Qinghai-Tibet Plateau (QTP) play an essential role in water conservation, biodiversity
protection and climate feedback, with aboveground biomass (AGB) serving as a crucial indicator of grassland
health and functionality. While previous studies have independently explored the phenological differences,
cumulative effects, and spatial variability of climatic impacts on biomass/productivity in alpine grasslands, the
cascading effects regarding climate and phenology on AGB still present knowledge gaps. Here, using peak AGB
measurements, remote sensing and gridded climate data in the QTP alpine grasslands during 2002-2018, we
systematically analyzed the impact paths of climatic variables (i.e., cumulative precipitation, CP; growing
degree-days, GDD) and phenology-mediated paths (start and peak date of the growing season, SOS and POS) on
AGB and their regional differences. During the preseason (pre60) or the growing season (sos-pos), climate pri-
marily directly impacted variations in AGB across different climatic regions, although a phenology-mediated
path by which climate indirectly affected AGB existed (i.e., GDDsos-pos — POS — AGB). Three general pat-
terns were revealed: In the plateau temperate arid regions, an increase in CPpre60 significantly promoted AGB
(path coefficients w = 0.61-0.71), whereas an increase in GDDpre60 inhibited AGB (w = —0.42 ~ —0.49); In the
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plateau sub-cold regions, increases in both CPsos-pos and GDDsos-pos significantly promoted AGB, respectively
(w = 0.46-0.81 and w = 0.37-0.70); Similarly, in the plateau temperate arid or semi-arid regions, increases in
CPsos-pos also significantly promoted the AGB (w = 0.56-0.73). This study highlights that the water and heat
accumulation mainly exert direct impacts on alpine grassland AGB across various climatic regions and pheno-
logical stages, providing insights into the mechanism driving AGB by climate and phenology during spring and

summer.

1. Introduction

Grassland ecosystems encompass 37 % of the Earth's terrestrial sur-
faces and store approximately one-third of terrestrial carbon, which play
a pivotal role in ecological services and security, carbon cycling pro-
cesses and climate change mitigation (O'Mara, 2012; Scurlock and Hall,
1998; Bai and Cotrufo, 2022). Grasslands characterized by low pro-
ductivity and water-limited are particularly susceptible to climatic dis-
turbances and anthropogenic interventions (Knapp and Smith, 2001; Li,
2017; Wang et al., 2021; Du et al., 2022; Ma et al., 2022). As Earth's third
pole, due to its severe cold, drought, and high-altitude environmental
features, the Qinghai-Tibet Plateau (QTP) is highly sensitive to climate
warming (Li, 2017; Zhang et al., 2019). The annual average warming
linear rate (0.16 °C/10a) on the QTP surpassed that of the Northern
Hemisphere during the period 1955-1996 (Liu and Chen, 2000). Espe-
cially, current research reported that the surface air temperature trend
increased at a rate of 0.37 °C/10a on the QTP during 1961-2018, based
on 82 observation stations (Zhang et al., 2023a). The alpine grasslands,
predominant on the QTP, are essential for climate feedback, water
conservation and biodiversity protection across East Asia (Wang et al.,
2022b). These grasslands provide various ecological functions and ser-
vices to plateau ecosystem consumers, including habitats, foods, me-
dicinal herbs, water resource regulation, etc. (Fayiah et al., 2020; Dong
et al., 2020). Additionally, they are essential production resources that
bolster and enhance the livelihoods of pastoralists, underpinning the
local livestock industry. To understand the impact of rapid climate
change on alpine grasslands is of great significance for ecological pro-
tection and planning.

Aboveground biomass (AGB) refers to the dry weight of living plants
that accumulates on the ground per unit area (g/m? or kg/ha) (Fang
et al.,, 2001). As a crucial component of the carbon cycling and vege-
tation management in ecosystems, the AGB is intricately linked to plant-
environment interactions and competitive strategies (Weiher et al.,
1999; Rehling et al., 2021). Specifically, the dynamics of AGB are not
only driven by a complex mix of abiotic factors including climatic and
edaphic variables, but also modulated by plant functional traits such as
phenology and height (Li et al., 2021b). Furthermore, the impact of
climate on grassland biomass/productivity exhibited phenological dif-
ferences and cumulative effects. On one hand, the temperatures during
specific phenophases aligned more closely with actual requirements for
vegetative growth than do annual average temperatures (Michaletz
et al., 2014). Similarly, precipitation in the growing season had a more
pronounced effect on vegetative AGB than annual precipitation,
underscoring the critical influence of seasonal climate conditions
(Hossain and Li, 2020). These phenophase-specific climatic drivers
significantly enhance the predictability of both intra- and interannual
biomass variations (Robinson et al., 2013). On the QTP, the temperature
throughout various growth stages and soil moisture levels prior to the
senescence stage were pivotal for the carbon sequestration capabilities
of alpine grasslands (You et al., 2020). Notably, precipitation during the
reproductive growth period (July—August) emerged as the most impor-
tant controlling factor (Zhai et al., 2022). On the other hand, both im-
mediate response and cumulative effects of temperature conditions have
been observed in the growth patterns of subalpine plant species (Hoff-
mann et al., 2010). Given the explanation of climate cumulative effects
on global vegetation dynamics was 68.33 %, which was approximately
11.27 % higher than considering only instantaneous climatic variables

(Wen et al., 2019). At present, although the phenological differences and
cumulative effects of climatic impact on biomass/productivity have
been unveiled independently, the combined effects on alpine grassland
biomass are yet to be fully understood, especially dividing phenophases
and climate regions.

Due to the diverse terrain and varying climate across the QTP,
differentiating climate regions is crucial for accurately assessing the
impact of climate on grassland biomass (Wang et al., 2017). It was re-
ported that the peak date of the growing season (POS), the Standardized
Precipitation-Evapotranspiration Index (SPEI) and NDVIp, showed
high spatial heterogeneity across the QTP, generally, the higher drought,
the more delayed the POS (ca. 57 %) (Li et al., 2020). The response of the
start date of the growing season (SOS) and NDVI,,y to preseason snow
cover varied among different climate regions, SOS was positively
correlated with snow melt date in most areas on the QTP, whereas it was
negatively correlated in the warm but drier areas (Wang et al., 2018b).
Along elevational gradients and across distinct climate regions, the
relative contribution of climate factors to the alpine grassland produc-
tivity/biomass was also spatially heterogeneous. The productivity in the
southwestern QTP was more sensitive to temperature than precipitation
and radiation (Li et al., 2019). Therefore, segmenting the QTP into
different climate regions emerges as an effective strategy to elucidate the
complex impacts of climatic variables on the biomass in alpine
grasslands.

Currently, many researches primarily focuses on the climate direct
impacts on biomass (Wang et al., 2017; Li et al., 2019). A few site-scale
studies have explored phenology-mediated effects on biomass (i.e.,
climate — phenology — productivity/biomass). For instance, Ganjurjav
et al. (2021) investigated the climate-indirect impact paths on alpine
meadows biomass through mediating the SOS or EOS (End date of the
growing season) based on warming and precipitation addition control
experiments on the QTP. Novelly, alpine meadow (Kobresia pygmaea)
can offset the negative effects of climate warming on biomass by
adjusting the SOS. According to eight flux sites, Koebsch et al. (2020)
reported solar radiation mainly directly affected peatlands gross
ecosystem productivity (GEP) in European, while temperature indirectly
affected GEP by acting on the SOS or EOS. Exploring the climate-impact
paths on grassland biomass is expected to uncover the mechanisms of
biomass variation. To our knowledge, the carbon accumulation during
the advancement of spring phenology might continue to promote sum-
mer vegetation growth through the ‘snowball effect’, known as the
“vegetation growth carryover” (Ogle et al., 2015; Lian et al., 2021).
Conversely, the accelerated vegetation growth can consume additional
environmental resources needed for subsequent growth, potentially
leading to an increase in biomass that exceeds the natural carrying ca-
pacity (e.g., soil water), thereby impeding vegetation growth in subse-
quent seasons, known as the “vegetation structural overshoot” (Jump
et al., 2017). Importantly, in the QTP alpine grasslands, Chen et al.
(2022) found that advanced spring phenology promoted spring vege-
tation productivity, which partially compensated for the decline in
vegetation productivity caused by summer drought. However, the
applicability of the two hypotheses mentioned hasn't been fully vali-
dated in QTP alpine grasslands across various climate regions. Addi-
tionally, the POS, as the date when the foliage area reaches the
maximum value within the year, will affect the terrestrial carbon ab-
sorption in the peak growing season (Gonsamo et al., 2018). Compared
with the generally focused SOS and EOS, the POS was less considered to
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study the climate-impact path on grassland biomass.

Therefore, by dividing phenophases and climate regions, this study
will extract climatic variables (cumulative precipitation and growing
degree-days) and phenological indicators (SOS and POS), aiming to
analyze the impact paths of climate on AGB and regional differences of
these paths in the QTP alpine grasslands. Specifically, two aspects will
be focused on: (i) at the regional scale, does climate indirectly impact
AGB through phenological mediation? (ii) What are the regional dif-
ferences in the paths of climatic and phenology-mediated impacts on
AGB under different phenological stages? We expect to provide valuable
insights into the regional-difference patterns to AGB driven by climate
across the alpine grasslands, as well as examine the phenological effects
on AGB variation during spring and summer. Furthermore, in the
context of continued climate warming, the study anticipates establishing
a foundation for predicting the trends in biomass variation, analyzing
alterations in carbon fixation as well as protecting grassland resources in
the Asian Water Tower (QTP).

2. Data and methods
2.1. Study area

The Qinghai-Tibet Plateau (QTP) is located in the southern part of
the Asian continent, extends longitudinally from 73°1852E to
104°46'59'E and latitudinally from 26°00'12"N to 39°46'50"N. Spanning
an area of 2.5 million km?, the plateau boasts an average elevation
exceeding 4000 m above sea level (Zhang et al., 2002). Grasslands
constitutes approximately 54 to 70 % of the total QTP, mainly include
alpine meadow and alpine steppe (Wang et al., 2022b). Recognized as
one of the most dynamically interactive regions among Earth's spheres,
the QTP presents a complex interplay of horizontal and vertical zonal-
ities (Chen et al., 2019). Specifically, the QTP spans the gradients from
arid to humid regions, encompassing subtropical to sub-cold regions,
primarily influenced by the monsoon, atmospheric circulation and its
significant elevational variation (Sun et al., 2022). The annual average
temperature is about —2.5 °C and annual average precipitation is about
380 mm on the QTP (Wang and Chen, 2023). In this research, the study
area is the intersection part of grasslands phenology, AGB and climate
variables within the QTP. The HIIIA, HID and HIIB climate regions were
excluded from the study because they didn't contain both meadow and
steppe simultaneously (Fig. 1).

72°E 84°E
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2.2. Data

2.2.1. Aboveground biomass data

Aboveground biomass data originated from the National Tibetan
Plateau/Third Pole Environment Data Center (https://doi.
org/10.11888/Terre.tpdc.272587; Zhang et al., 2023b). The dataset
encompassed spatial data of AGB across the QTP during 2000-2019,
with a resolution of 250 m. It investigated 906 pairs of on-site AGB
samples and drone images from 2015 to 2019 (where grassland samples
were cut and dried at 65 °C to a constant weight), and 2602 sets of
Moderate-Resolution Imaging Spectroradiometer (MODIS) pixel-level
drone data, comprising over 37,000 aerial images. Employing random
forests and stepwise upscaling methods, the dataset was effectively
upscaled from the traditional quadrat scale (0.5 m) to the MODIS image
scale (250 m). Further, the high-precision regional AGB was obtained,
with an estimated average R? of 0.83 and RMSE of 34.13 g/m?. In this
study, the grassland AGB refers to the aboveground stock of grasslands
after removing litter and biological feeding amounts, representing the
annual peak aboveground biomass.

2.2.2. Climatic and phenological data

Climatic data were sourced from the China Meteorological Forcing
Dataset (CMFD), which includes daily average temperature and daily
precipitation. The CMFD, notable for being China's first high spatial and
temporal resolution gridded near-surface climate data, offers a spatial
resolution of 0.1° and is available in three temporal resolutions: 3-h,
daily and monthly (He et al., 2020). This dataset was driven by inte-
grating observations from over 700 ground stations, augmented by
remote sensing products and reanalysis datasets (He et al., 2020).
Verification of on-site observation results demonstrated superior data
quality compared to GLDAS (Global Land Data Assimilation System).
Furthermore, a comparative analysis of six types of precipitation raster
data across the QTP highlighted the CMFD's exceptional accuracy in
capturing daily precipitation, particularly during the cold season (Zhang
et al., 2022).

Grassland phenology data were derived using the MODIS V6
MODO09A1 reflectance product (see Section 2.3.1 for the extraction
method), which offers 8-day composite data (500 m) with atmospheric
correction for gases, aerosols, and Rayleigh scattering. To ensure
compatibility and spatial analysis accuracy, climate and AGB data were
resampled to a 500 m resolution.

96°E 80°E 90°E 100°E

38°N

30°N

B<1 |2:3[ |45 67
11213456 |>7

. R

Elevation (km)

22°N

’U\M /‘

40°N

Plateau temperate
region (HII)

35°N

Plateau sub-cold region (HI)

30°N

Plateau subtropical region (HIII)

P,
0 300 km Vit 2

Steppe R -

= Meadow

84°E 96°E

Fig. 1. Climate regions, grassland types, and elevation on the Qinghai-Tibet Plateau. The climate regions used for this study: plateau sub-cold region includes humid
region (HIA), semi-humid region (HIB), semi-arid regions (HIC1, HIC2); plateau temperate region (HII) includes humid region (HIIA), semi-arid regions (HIIC1,

HIIC2) and arid regions (HIID1, HIID2).
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2.2.3. Ancillary data

The vegetation type map was obtained from the 1:1 million Vege-
tation Map of the People's Republic of China, compiled by the Chinese
Vegetation Map Editorial Committee of the Chinese Academy of Sci-
ences (2001). In this map, the two principal vegetation type groups in
alpine regions—meadow and steppe—were extracted across the QTP.
Among them, alpine meadows account for about 96 % of the meadow
area, and alpine steppes account for about 85 % of the steppe area.
Vegetation formation including Kobresia capillifolia alpine meodow,
Kobresia humilis alpine meadow, Kobresia setchwanensis alpine meadow,
Stipa purpurea alpine steppe, Carex moorcroftii alpine steppe, etc. The
climate region map of the QTP was developed by vectorizing the
simplified diagram from China's new scheme for climate regionalization
(Zheng et al., 2010). Nine climate regions were identified from the
climate divisions of the QTP, including two temperature regions,
totaling four humid-arid regions (Fig. 1).

2.3. Methods

2.3.1. Phenological indicators extraction

Here, two phenological indicators were selected, including the start
date of the growing season (SOS) and the peak date of the growing
season (POS), to investigate their adjustments on AGB driven by climate.
Considering the grassland spring phenology is strongly influenced by
snow cover and snowmelt on the QTP, we utilized the background-free
phenology index (BFPI) as proposed by Xie et al. (2022) to generate the
SOS. The calculation formula is:

BFPI = NGSI x NDGI (€D)]

where NGSI is the Normalized Growing Season Index (Jolly et al., 2005),
NDGI is the Normalized Difference Greenness Index (Yang et al., 2019b).
Initially, the Growing Season Index (GSI) was calculated based on the
minimum temperature, vapor pressure deficit and photoperiod (Jolly
et al., 2005). Then, the GSI was normalized to derive the NGSI, which
enhances the seasonal amplitude of the BFPI and improves model fitting.
The NDGI reduces the impact of snow cover on phenology extraction by
maximizing the contrast between vegetative and background informa-
tion and minimizing changes in the reflectivity of background infor-
mation (Yang et al., 2019b). According to formula (1), the BFPI inherits
the characteristics of the non-growing season NGSI being zero and the
advantages of the NDGI, thereby minimizing the interference from
changes in non-growing season background information (such as snow,
bare soil, and withered grass). Compared to the NGSI or single vegeta-
tion index, BFPI significantly enhances the accuracy of phenology
extraction. Furthermore, BFPI also exhibits the superior precision in
extracting SOS in grassland than in the other vegetation types such as
deciduous broadleaf forest and evergreen broadleaf forest (Xie et al.,
2022). Finally, we utilized a weighted double logistic function method
to fit the BFPI time series data, and set a relative threshold of 10 % to
extract the SOS (Zhu et al., 2022).

The extraction of POS followed three steps. Firstly, we performed
cloud and snow removal using the quality files from MODO09A1 to
generate time series of Enhanced Vegetation Index (EVI). Subsequently,
the weighted double logistic function method was used to fit and
reconstruct the EVI time series to mitigate abrupt declines in POS values.
In regional evaluations, the method performed better than unweighted
double logistic function fitting in retaining the original noise-free
vegetation index and maximally recovering cloud pollution on the
QTP (Zhu et al., 2022). Finally, we identified the day of the year (DOY)
corresponding to the maximum value of the reconstructed EVI time se-
ries as the POS.

Furthermore, based on the SOS and POS extracted, two distinct
phenophases were delineated (Fu et al., 2014; Shen et al., 2015; Gon-
samo et al., 2018): First, termed the preseason 60 days, indicates the 60
days preceding the minimum SOS from 2002 to 2018 (SOSi7min)-
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Second, defined as the growing season, spans from the maximum SOS
(SOS17max) to the minimum POS (POS;7min) over the same 17 years.

2.3.2. Climatic variables calculation

The calculation of climatic variables in the Qinghai-Tibet Plateau
(QTP) area encompassed a detailed assessment of water and heat
accumulation in alpine grasslands (meadows and steppes) during the
defined preseason and growing season. This included calculating
growing degree-days (GDD) (>0 °C) and cumulative precipitation (CP)
based on average daily temperature and daily precipitation. The 60-day
period was chosen for these calculations during the preseason because of
the significant correlation between the SOS and the average temperature
in the initial two to three months (Piao et al., 2006; Fu et al., 2014).
Additionally, the strongest lagged response of cumulative precipitation
on alpine grassland growth was observed within one to two months
(Diao et al., 2021).

The calculation procedure for regional climate variables comprised
several steps. Firstly, the SOS and POS pixel values for each year from
2002 to 2018 within the study area were calculated. Subsequently, for
these 17 years, phenological extrema for each pixel were determined,
including the minimum value at the start date of the growing season
(SOS17min), the maximum value at the start date of the growing season
(SOS17max) and the minimum value at the peak date of the growing
season (POS17min). The preseason 60 days and the growing season were
calculated for each year's pixel according to the definition provided in
Section 2.3.1. Lastly, water and heat accumulation values of each pixel
for these phenological stages were computed in each year, encompass-
ing the growing degree-days and cumulative precipitation during the
preseason 60 days (GDDpre60, CPpre60) and growing season (GDDsos-
pos, CPsos-pos), respectively. The calculation formulas are:

DOY,
-~ (T — Tp) when T, > Ty
GDD = E { Owhen T, < Ty @
DOY;
DOY,
CcP=>"P ©)
DOY,

where the GDD (growing degree-days) refers to the cumulative sum of
the differences between the Ty, (daily average temperature) and the Ty
(base temperature) from DOY; to DOY,. Ty, is set to O °C. The CP (cu-
mulative precipitation) is the sum of precipitation at each phenological
stage, and P is the daily precipitation. The DOY represents day of year. In
the preseason, DOY] is the 60 days prior to the earliest start date of the
growing season over the 17 years (SOS;7min), and DOY3 is SOS17min it-
self. During the growing season, DOY; is the latest start date of the
growing season (SOS17max), and DOY3 is the earliest peak date of the
growing season (POS17min)-

2.3.3. Path analysis

The path analysis is underpinned by the structural equation model
(SEM) that uses a single indicator for each predictor variable without
incorporating latent variables. Notably, piecewise structural equation
modeling (pSEM) can estimate the dependent variable using small
samples (Lefcheck, 2016). Specifically, this method decomposes the
overall relationship of the dataset into simple or multiple linear re-
gressions, assessing the coefficients and significance of each path sepa-
rately. Subsequently, these results are integrated to formulate a global
SEM (Shipley, 2000; Lefcheck, 2016). A significant advantage of pSEM is
its flexibility with response variable distributions. It accommodates
common distributions such as Bernoulli and Poisson without the pre-
requisite of normality. However, due to its inability to yield a valid
global covariance matrix, pSEM necessitates an alternative approach for
goodness-of-fit testing, namely Fisher's C (Shipley, 2000; Lefcheck,
2016):
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where C is the test statistic used in Fisher's method, which follows a chi-
square distribution with 2 k degrees of freedom. P; is the p-value from
the i-th independence claim. An overall significance of model fit with a
P-value > 0.05 indicates adequate modeling effectiveness. This study
utilized the R package “piecewiseSEM” to implement pSEM testing
(Lefcheck, 2016).

Before conducting path analysis, all variables were Z-score stan-
dardized (Li et al., 2021b; Wu et al., 2023). Then, the initial models were
constructed by pSEM as shown in Fig. 2, and significance tests were
performed for each path coefficient. Among these, “p < 0.01” indicated a
high significance level, “0.01 < p < 0.05” indicated significance level.
Due to the small sample size (n = 17), “0.05 < p < 0.1” was used to
represent marginal significance. Based on meeting the overall index
(Fisher's C: P > 0.05, Table S1, Table S2), the initial models gradually
eliminated insignificant paths (p > 0.1), and simultaneously assessed the
impact of each path’ elimination on the Akaike information criterion
(AIC) and Bayesian information criterion (BIC) (Ganjurjav et al., 2021).
The optimal model was selected based on the minimum AIC and BIC
values and the maximum coefficient of determination (R?).

2.3.4. Processing flow

In the flowchart of the analytical methods, there were four blocks:
data (input), phenological indicators extraction, climatic variables
calculation and path analysis (Fig. 2). Detailed calculation processes for
these can be found from Sections 2.3.1-2.3.3.

In the path analysis block, we first calculated regional spatial mean
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of the pixels within each climate region to ensure robustness in the
representation of path indicators (Fig. 2). Second, when establishing the
impact path, we considered the chronological principle: earlier events
affect later events, which can explain why the climate variables during
the post-growing season (from POS to EOS) are unlikely to affect peak
AGB in the same year. The paths through which climate impacts
phenology and AGB align with the physiological and ecological mech-
anisms of vegetation (Hoffmann et al., 2010; Fu et al., 2014; Chen et al.,
2016; Gonsamo et al., 2018; Ganjurjav et al., 2021; Koebsch et al., 2020;
Li et al., 2021b; Chen et al., 2022). For example, the transition of plant
activity from peak season to spring in temperate ecosystems reflects an
increase in carbon uptake (Gonsamo et al., 2018) (i.e., POS — AGB). The
preseason hydrothermal variations could promote or inhibit the AGB
accumulation during early spring (Zheng et al., 2020) (i.e., GDDpre60
— AGB, CPpre60 — AGB). Third, when validating the conceptual model,
the direct and indirect paths through which climate affected AGB were
examined based on the pSEM (Fig. 2, Fig. 3). Among them, the codes (1)
and (2) represent indirect impact paths (Fig. 3), wherein the growing
degree-days or cumulative precipitation in the preseason 60 days indi-
rectly affected AGB through the SOS. Conversely, the code (5) represents
direct impact path, where GDDpre60 or CPpre60 exerted a direct effect
on AGB.
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Fig. 2. Technical flowchart. AGB, aboveground biomass; BFPI, background-free phenology index; EVI, enhanced vegetation index; SOS, start date of the growing

season; POS, peak date of the growing season. CPpre60 and GDDpre60 indicate

the cumulative precipitation and growing degree-days during the preseason 60 days,

respectively. CPsos-pos and GDDsos-pos indicate the cumulative precipitation and growing degree-days from SOS17max t0 POS17min (i.e., growing season).
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growing degree-days during the preseason 60 days, respectively. CPsos-pos and
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from SOS17max to POS17min (i.€., growing season).

3. Results

3.1. Characteristics of aboveground biomass, phenology, and climate
variables along climatic region gradients

The spatial distribution of multi-year average AGB in alpine grass-
lands exhibited a gradual decrease from the northeast to the southwest
during 2002-2018 (Fig. S1). Approximately 19.5 % of the pixels showed
AGB levels ranging from 2000 to 2500 kg/ha, predominantly situated in
the plateau sub-cold humid region (HIA). About 47.2 % of the pixels fell
within the range of 1500 to 2000 kg/ha, mainly located in the sub-cold
semi-humid region (HIB). Pixels with AGB levels of 1000 to 1500 kg/ha
and <1000 kg/ha accounted for 25.0 % and 8.2 %, respectively,
extending from the northeast to the southwest on the QTP.

After dividing the climate regions, the multi-year average AGB
exhibited a gradual decrease from the humid to arid regions during
2002-2018 (Fig. 4a). Across the moisture gradient in the plateau sub-
cold regions (HIA, HIB, HIC1, HIC2, from humid to semi-arid),
average AGB values declined progressively (Fig. 4a). Specifically,
meadows registered AGB averages of 2129 + 38 kg/ha (multi-year
average + standard deviation), 1746 + 48 kg/ha, 1343 + 91 kg/ha,
1138 + 74 kg/ha, respectively; steppes reported 2143 + 66 kg/ha, 1655
+ 76 kg/ha, 1189 + 97 kg/ha, 1015 + 62 kg/ha, respectively. Similar
characteristics also occur in the temperate regions of the plateau
(Fig. 4a). Additionally, meadows typically exhibited higher AGB than
steppes, except in the sub-cold humid region (HIA) (Fig. 4a).

Across the entire QTP, the multi-year average spatial distribution of
the SOS and POS in alpine grasslands also showed an overall delay from
humid to arid regions (Fig. 4b, c, Fig. S2). In the sub-cold regions (HIA,
HIB, HIC1, HIC2), the average SOS values for meadows were at DOY 131
+ 4,155 + 2,160 + 3, and 162 =+ 4, respectively, and the averages of
steppes were at DOY 135 + 4, 153 + 2, 161 + 3, and 162 + 4, respec-
tively (Fig. 4b). The average POS for meadows occurred at DOY 214 + 3,
220 + 3, 222 + 3 and 225 + 5, respectively; steppes showed average
POS values were at DOY 217 + 4, 221 £ 3, 222 £+ 4 and 225 + 3,
respectively. The similar change characteristics also occur in the plateau
temperate regions (Fig. 4b, c). Exceptionally, along the moisture gra-
dients, the SOS and POS in the temperate arid region (HIID1) displayed
an anomalous advancement relative to other temperate regions.

The spatial-temporal variations in growing degree-days of the pre-
season 60 days (GDDpre60) mainly showed the differences between the
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Fig. 4. Boxplot of multi-year averages of aboveground biomass and phenology
in various QTP climate regions from 2002 to 2018 (the upper and lower hori-
zontal lines of the box represent the 25-75 % confidence interval of the vari-
able, and the black line and black cross in the box represent the median and
average, respectively. In this study, the plateau sub-cold region includes the
humid region (HIA), sub-humid region (HIB), sub-arid regions (HIC1, HIC2);
the plateau temperate region (HII) includes the humid region (HIIA), sub-arid
regions (HIIC1, HIIC2), and arid regions (HIID1, HIID2). AGB, aboveground
biomass; SOS, start date of the growing season; POS, peak date of the
growing season).

sub-cold and temperate regions (Fig. 5a, Fig. S3). The multi-year
average GDDpre60 in the temperate regions (150 °C + 55) was higher
than that in the sub-cold regions (89 °C + 23). Additionally, GDDpre60
varied significantly within similar moisture conditions across the two
temperature regions. For example, in the temperate semi-arid regions
(HIIC1, HIIC2), the average GDDpre60 of meadows and steppes were
102 £+ 17 °C and 155 =+ 25 °C, 157 + 28 °C and 203 + 31 °C, respec-
tively. Conversely, in the sub-cold semi-arid regions (HIC1, HIC2), the
GDDpre60 of meadows and steppes were only 63 + 12 °C and 67 +
11 °C, 102 £ 19 °C and 94 + 18 °C, respectively.

The average of GDDsos-pos generally showed a gradual decrease
from humid to arid regions (Fig. 5c, Fig. S4). In the sub-cold regions (i.e.,
HIA, HIB, HIC1, HIC2), the average GDD of meadows were 552 + 41 °C,
340 + 33 °C, 308 + 38 °C, 296 + 28 °C, respectively; and the average
GDD of steppes were 541 + 39 °C, 387 + 36 °C, 295 + 35 °C, 340 +
27 °C, respectively. The similar GDDsos-pos change also occur in the
plateau temperate regions.

The average of CPpre60 also presented a decreasing characteristic
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Fig. 5. Boxplot of multi-year average of water and heat accumulation along the
climatic gradients during 2002-2018 (GDDpre60, growing degree-days in the
preseason 60 days; CPpre60, cumulative precipitation in the preseason 60 days;
GDDS0Smax.POSmin, growing degree-days in the growing season, CPSOSyax-POS-
min, Cumulative precipitation in the growing season).

along the moisture gradient (Fig. 5b, Fig. S3). Specifically, in the sub-
cold regions (i.e., HIA, HIB, HIC1, HIC2), the average CPpre60 values
of meadow were 63 4= 16 mm, 74 £ 10 mm, 59 & 13 mm, 45 + 17 mm,
respectively; for steppes, the values were 54 + 21 mm, 60 + 13 mm, 54
+ 12 mm, 50 + 15 mm, respectively. Consistently, in the temperate
regions (i.e., HIIA, HIIC1, HIIC2, HIID1, HIID2), meadows exhibited
average CPpre60 values of 75 + 10 mm, 59 + 12 mm, 48 + 15 mm, 41
+ 18 mm and 21 + 6 mm, respectively, and steppes showed average
values of 56 + 17 mm, 44 + 12 mm, 44 + 13 mm, 42 + 19 mm, 23 + 7
mm, respectively. Last but not least, the multi-year average CPsos-pos
also exhibited a decreasing trend along these moisture gradients in the
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two temperature regions (Fig. 5d, Fig. S4).

3.2. The climate-impact paths on AGB at the climatic region scale

In the two phenophases, the indicators assessing the climate-impact
paths on AGB were detailed in Table S1 to Table S2. During the growing
season, the influence of climate on AGB was more pronounced compared
to that in the preseason 60 days (as evidenced by the model coefficients
in Tables S1 ~ S2). In addition, the paths through which climate impacts
AGB did not clearly differ between meadows and steppes (Fig. 6).

3.2.1. Direct or indirect paths through which climate impacts on AGB
Overall, across the two phenophases, cumulative precipitation and
growing degree-days predominantly exhibited a direct impact on AGB
whether in the plateau sub-cold regions or temperate regions. However,
a phenology-mediate indirect impact path was identified exclusively in
the sub-cold semi-humid region (HIB). To be specific, the cumulative
precipitation in the growing season negatively impacted the POS, and

subsequently had a positive effect on AGB (i.e., GDDsos-pos % pos s
AGB, path coefficient w; = —0.43, wp = 0.29, p < 0.1) (Fig. 6).

3.2.2. The paths and degree of climate impact on phenology in alpine
grasslands

In the preseason 60 days, cumulative precipitation (CPpre60) nega-
tively affected SOS across various regions (p < 0.1), not only including
the plateau temperate regions (HIIA, steppe: w = —0.43; HIICI,
meadow: w = —0.44), but also the plateau sub-cold regions (HIA,
meadow: w = —0.44, steppe: w = —0.42; HIC2, steppe: w = —0.43).
During the growing season, the GDDsos-pos in the humid or semi-humid
regions negatively affected the POS (HIA, meadow: w = —0.56, p < 0.05;
HIIA, meadow: w = —0.56, p < 0.05), etc. In contrast, the GDDsos-pos
positively impacted the POS in semi-arid regions (HIC2, meadow: w
=0.61, p < 0.05; HIIC2, meadow: w = 0.60, p < 0.05), et al. (Fig. 6¢, d).

3.2.3. The path and degree of climate impact on AGB in alpine grasslands

In the preseason 60 days, cumulative precipitation (CPpre60)
directly and positively affected the alpine grassland AGB in temperate
arid regions (e.g., HIID2, steppe: w = 0.71, p < 0.001; HIID2, meadow:
w=0.61, p < 0.01). Nevertheless, GDDpre60 showed a directly negative
effect on AGB in the temperate arid region, including the HIID1 (steppe:
w=-0.47,p < 0.1; meadow: w = —0.49, p < 0.05) and HIID2 (meadow:
w = —0.42, p < 0.05) (Fig. 6b). During the growing season, both
GDDsos-pos and CPsos-pos strongly positively impacted AGB in almost
all sub-cold regions. Among them, overall, the impact magnitude of
CPsos-pos on AGB (w = 0.46-0.81, p < 0.05) were stronger than
GDDsos-pos (w = 0.37-0.70, p < 0.05) (Fig. 6¢). Additionally, CPsos-pos
could positively impact the AGB in the temperate arid or semi-arid re-
gions (HIIC2, meadow: w = 0.64, p < 0.01; steppe: w = 0.73, p < 0.001;
HIID1, meadow: w = 0.56, p < 0.05; steppe: w = 0.58, p < 0.05).
However, GDDsos-pos positively affected the AGB of meadows in both
the temperate humid region (HIIA, w = 0.51, p < 0.05) and temperate
semi-arid region (HIIC1, w = 0.67, p < 0.01) (Fig. 6d).

4. Discussion

4.1. Climate primarily impacts variation in alpine grasslands AGB
through direct paths

At the regional scale, both direct and indirect paths (mediated by
phenology) were identified for the impacts of climate on AGB. Pre-
dominantly, climatic accumulation directly impacted the AGB during
preseason or growing season, whether in the sub-cold regions or
temperate regions (Fig. 7). However, although the phenology-mediated
path that climate indirectly affected the AGB did exist, the magnitude of
the impact was weak (Fig. 7). Specifically, in the HIB region, the
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GDDsos-pos initially negatively affected POS of alpine steppe, and then
positively affected AGB. This finding is consistent with Yang et al.
(2019a), who observed that delayed peak photosynthesis timing was
associated with higher peak production in the QTP alpine grasslands.
Additionally, a report across 36 stations on the QTP found that climate
variables, especially growing season precipitation, had a greater impact
on aboveground net primary productivity than phenological changes in
alpine grasslands (Wang et al., 2022a). This is highly consistent with our
study, where the impacts of cumulative precipitation during the growing
season on AGB (w = 0.46-0.81) were stronger than did phenological
changes (w = 0.29-0.38).

The regulatory effects of SOS and POS on AGB were not significant
across most climate regions (p > 0.1) (Fig. 6), suggesting that the
“growth carryover effect” didn't predominantly govern AGB accumula-
tion at the regional scale in the QTP alpine grasslands during 2002 to
2018. Zheng et al. (2020) reported that the promoting effect of the SOS
on summer net primary productivity (NPP) in alpine grasslands was less
significant than spring NPP on the QTP. A majority of SOS pixels (65.9
%) showed an advancing trend, with 5.8 % of pixels advancing signifi-
cantly by 0 to 1 day/year (p < 0.05) (Fig. S2c, Fig. S2d), leading to
increased spring evapotranspiration. This advancement could deplete
soil moisture sooner, exacerbating water limitations caused by summer
drought on the QTP (Chen et al., 2022). Our findings demonstrated that
CPsos-pos had direct and positive impacts on AGB in almost all climate
regions (p < 0.05), indicating that the peak AGB accumulation was
indeed negatively impacted by the drought during the growing season.
On the other hand, the minimal regulatory effects of SOS on peak AGB
implied a weak spring-summer linkage between SOS and vegetation
biomass. This, combined with the direct positive impact of CPsos-pos on
AGB, supports evidences for a discovery that vegetation in the northern
hemisphere was gradually moving toward a “structural overshoot ef-
fect” from 2002 to 2021 (Lian et al., 2024).

4.2. Regional differences of climatic impact on AGB in alpine grasslands

By mapping the paths and degree across various climate regions
(Fig. 6, Fig. 7), the study generalized three regional-difference patterns
of impact paths (Fig. 8).

4.2.1. Pattern 1—In the plateau temperate arid regions, an increase in
cumulative precipitation during the preseason 60 days (CPpre60) promoted
AGB, whereas an increase in growing degree-days (GDDpre60) inhibited
AGB (Fig. 8a, Fig. S5¢, d)

Specifically, in the temperate arid region (HIID2), CPpre60 exerted
positive effects on AGB. A study summarized two effects of “snow —
vegetation productivity” in the Greater Himalaya (“—” indicate impact)

(Wang et al., 2018a). One was the water-promoting effect of “snow X
soil moisture — vegetation productivity”, the second one was the
phenology-promoting effect of “snow 5 melting date X spring

phenology 5 vegetation productivity”. Further, we found that in the
plateau temperate arid region (HIID2), the increase in CPpre60 (snow
cover) had a direct promoting effect on AGB in the two grassland types,
which was related to the fact that snowmelt increased soil moisture in
spring and summer, thereby promoted vegetation growth (Peng et al.,
2010; Wang et al., 2018b), In fact, precipitation is one of the primary
water sources required for the growth of alpine grasslands, and it carries
nutrients from the atmosphere. Moreover, its seasonal variations
directly influence the regulatory mechanisms of plant growth in alpine
grasslands. Novelly, in the sub-cold region (HIC2), we also found posi-
tive regulation of SOS on AGB in the steppe, which was agreement with
the phenology-promoting effect of Wang et al. (2018a). However, the
increased GDDpre60 in the temperate arid regions (HIID1, HIID2)
inhibited AGB, because the preseason high temperatures in these arid
regions probably reduced water availability by increasing
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Fig. 8. Regional-difference patterns of climate impacts on AGB of alpine
grasslands (a) In the plateau temperate arid regions (e.g., HIID1 or HIID2), the
increase in CP during the preseason 60 days promoted AGB, while the increase
in GDD during the preseason 60 days inhibited AGB. (b) In the plateau sub-cold
regions, the increase in CP or GDD during the growing season could signifi-
cantly promoted grasslands AGB, respectively. (c) In the plateau temperate
arid/semi-arid regions (e.g., HIIC2 and HIID1), the increased in CP during the
growing season significantly promoted the AGB. AGB, aboveground biomass;
CP, cumulative precipitation; GDD, growing degree-days; POS, peak date of the
growing season; SOS, start date of the growing season.

evapotranspiration, thereby reducing AGB accumulation in alpine
grasslands.

4.2.2. Pattern 2—In the plateau sub-cold regions, increases in cumulative
precipitation or growing degree-days during the growing season (CPsos-pos
or GDDsos-pos) could significantly promote grassland AGB, respectively
(Fig. 8b)

Spatially, there was also an overall positive correlation between
climate accumulation and AGB during the growing season in plateau
sub-cold regions except for HIC2 for GDDsos-pos (Fig. S5e, f). On one
hand, CPsos-pos positively affected AGB in the sub-cold regions (p <
0.05), which was supported by the results of site control experiments.
For example, Fu et al. (2018) found that increased precipitation during
the growing season had a greater impact on alpine meadow productivity
than experimental warming at the Damxung Observatory (30°30'N,
91°04'E, located in the sub-cold semi-arid region HIC2). Additionally,
climatic control experiment conducted at the Namtso Observatory
(30°46'N, 90°59'E, semi-arid region HIC2) demonstrated that increased
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precipitation and soil moisture during the growing season positively
impacted alpine grassland AGB/GPP (Zhao et al., 2019; Wang et al.,
2020Db). In this study, at the regional scale, cumulative precipitation
during the growing season in HIC2 had a highly significant positive
impact on AGB in both alpine meadows and alpine steppes, while no
significant effects of GDDsos-pos on AGB in alpine grasslands (HIC2)
were detected (Fig. 6).

On the other hand, it was imperative to acknowledge the positive
impact of GDDsos-pos on AGB in sub-cold regions. Specifically, the
direct positive effects have been observed in sub-cold humid/semi-
humid regions and semi-arid region (Fig. 6). It was reported that the
average temperature of the QTP ranges from —2 to 0 °C (Shen et al.,
2015). The optimal temperature for increasing productivity of alpine
grasslands was 13 + 3 °C, while the annual average maximum tem-
perature was still slightly lower than this threshold (Huang et al., 2019),
suggesting that the increased GDDsos-pos conceals the potential to
enhance alpine grassland biomass/productivity. Additionally, in the
temperate semi-arid region (HIIC1), increased GDDsos-pos could
improve AGB in alpine meadows (Fig. 6d), consistent with the finding of
Chen et al. (2016) that warming during the growing season could
significantly increase AGB in an alpine meadow at Haibei Station
(100°51'E, 36°57'N, HIIC1).

4.2.3. Pattern 3 - In the temperate arid or semi-arid regions (e.g., HIIC2
and HIID1), the increase in cumulative precipitation during the growing
season (CPsos-pos) significantly promoted the AGB (Fig. 8c)

Correspondingly, Zha et al. (2022) also found that significant posi-
tive correlation between the average annual precipitation and grassland
NPP in arid or semi-arid regions, especially for the water-deficient re-
gions in the southwest of the QTP (e.g., HIIC2). In addition, Zhang et al.
(2023c) found that the optimal time for water's impact on AGB in QTP
alpine grasslands occurred approximately one month before the flow-
ering period or the fruit maturity, which was congruent with the result
that the cumulative precipitation during the growing season signifi-
cantly affected AGB in this study.

4.3. Limitations and prospects

The climate variables in this study were focused on the temperature
and precipitation. However, solar radiation can also affect biomass
accumulation by influencing physiological processes in leaves (e.g.,
photosynthesis). It has been reported that variations in radiation play
very important roles in regulating the potential forage nutritional
quality and carbon storage in the QTP alpine grasslands (Fu et al., 2022;
Li and Fu, 2023). Beyond climate drivers, factors such as topography,
edaphic conditions, and human activities could also exert direct or in-
direct effects on the variability of AGB in alpine grasslands. For instance,
the substantial elevation gradients across the QTP can profoundly affect
the spatial and temporal variations in grassland biomass and phenology
by redistributing water and heat resources (Wang et al., 2017). To some
extent, climate regions can represent variations in water and heat
availability that are attributable to rugged terrain and monsoon
influences.

Additionally, this study did not consider the impacts of human dis-
turbances, especially grazing intensity, on grassland AGB. A series of
ecological restorations have been conducted on the QTP Since 2000,
which have reduced human interferences and brought the grasslands
closer to their original natural state (Li et al., 2021a). However, grazing
remains the primary human activity affecting vegetation growth. There
is ongoing debate regarding the relative contributions of climate factors
and grazing activities to grassland productivity on the QTP (Chen et al.,
2014; Li et al., 2021a; Wei et al., 2022; Zhou et al., 2024). Grazing ac-
tivities have complex effects on the grassland ecosystem, varying across
regions and periods. Therefore, in the future, it is crucial to explore the
coupling mechanisms between human activities and natural factors
affecting grassland biomass, including the direct and indirect effects on
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changes in AGB.

Biological factors, such as community composition and growth rate,
may also modulate variations in grassland AGB (Wang et al., 2020a).
However, effectively quantifying these factors at a regional scale re-
mains a significant challenge. In addition, this study primarily focused
on the impacts of preseason and spring-summer climatic factors on peak
AGB. Nevertheless, considering the full lifecycle of alpine grasslands,
further investigation is necessary to understand the lagged effects of
post-growing season climate (from POS to EOS) on the next year's SOS
and AGB. A study reported that significant positive effects of previous
year's precipitation on current AGB in control experiments on the Chi-
nese Loess Plateau (Gong et al., 2020).

Remarkably, in path analysis, using the regional averages of climatic
and phenological variables can reflect the overall characteristic of each
climatic region, which provide the result of equilibrium state and is not
disproportionately affected by anomalous data. Even so, due to differ-
ences in influencing factors, scale effects and spatial heterogeneity,
regional averages still may not fully align with analysis results from
individual pixels or sites.

5. Conclusions

Using the observed aboveground biomass (peak AGB) data, remote
sensing and high-precision climate data in alpine grasslands across the
Qinghai-Tibet Plateau during 2002-2018, this study systematically
analyzed the regional differences in the impact paths of climate on peak
AGB by dividing the phenophases and climate regions. During the pre-
season and especially the growing season, water and heat accumulation
mostly directly impacted the AGB through direct paths, whether in the
plateau sub-cold regions or temperate regions. Although a phenology-
mediated path through which climate indirectly affected AGB was
identified, its impact was relatively weak. The weak spring-summer
linkage between SOS and AGB, combined with direct and positive im-
pacts of cumulative precipitation, provides evidence that alpine grass-
lands have gradually moved toward a “structural overshoot effect”
during 2002-2018. With increasing drought severity, general charac-
teristics showed declines or delays in AGB, water and heat accumulation
(except for GDDpre60), SOS and POS. The regional-difference patterns
were summarized as follows: In plateau temperate arid regions, pre-
season water and heat accumulation exerted opposite impacts on AGB,
whereas in plateau sub-cold regions, these factors consistently enhanced
AGB during the growing season. Likewise, in plateau temperate arid or
semi-arid regions, cumulative precipitation during the growing season
also showed a strong positive effect on AGB. The study identified diverse
impacts and regional differences of water and heat accumulation on
AGB by dividing different phenophases and climatic regions. This is
highly significant for the spatial planning and management of alpine
grasslands, and for understanding the mechanisms and trends of grass-
land biomass variations under rapid climate change.
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