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Grassland vegetation phenology has undergone great changes under the influence

of climate, which affects ecosystem functions and services. However, the

mechanism of preseason climatic factors in driving phenological shifts is unclear.

In this study, we determined the start (SOS) and peak (POS) of the growing season

for Inner Mongolian grasslands using gross primary productivity data (2000–2018).

We investigated the spatiotemporal changes of SOS and POS and elucidated the

mechanisms behind these changes by analyzing how these phenological events

were influenced by the specific preseason climatic requirements (precipitation, air

temperature, and solar radiation). Our results revealed that the SOS significantly

advanced at a rate of 0.65 days/a, while the POS was stable across the study area.

At the pixel scale, areaswith initially later SOS and POS exhibited stronger advanced

trends. An earlier SOS and POS were associated with lower thermal requirements,

including air temperature and solar radiation. Conversely, a delayed SOS and POS

necessitated higher climatic requirements. The impact of preseason precipitation

on both SOS and POS demonstrated notable spatial variability. Moreover, the

effects of different climatic factors on phenology were not in sync due to regional

environmental disparities. Our study provides insight into the mechanisms

underlying phenological shifts in grassland ecosystems under climate change.
KEYWORDS

start of the growing season, peak of the growing season, preseason climatic
requirement, meadow steppe, typical steppe, desert steppe
1 Introduction

Climate change profoundly impacts terrestrial ecosystems (Alatalo et al., 2016; Maestre

et al., 2016). Plants can track environmental changes and adjust their survival and

reproductive strategies to optimize resource utilization (Anderson et al., 2012). For

example, vegetation green-up date in the spring has advanced with global warming
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across different biomes in the Northern Hemisphere over the past

few decades (Shen et al., 2011; Buitenwerf et al., 2015; Izquierdo-

Verdiguier et al., 2018). These phenological shifts reflect the

biological responses of ecosystems to climate change (Iler et al.,

2021) and could alter the interactions between ecosystems and

climate systems through carbon turnover, water cycle, and energy

fluxes between the land and atmosphere (Richardson et al., 2013;

Buitenwerf et al., 2015; Chu et al., 2016; Gonsamo et al., 2018). For

example, gross primary productivity (GPP), as the foundation of the

carbon cycle of an ecosystem, is highly regulated by the phenology

(Wang et al., 2020; Wu et al., 2022). Hence, understanding the

variations in vegetation phenology and their driving mechanisms is

vital to cope with changes in the biosphere and climate systems.

Inner Mongolian grasslands in China, which constitute a

significant part of the Eurasian steppe, play a vital role in

maintaining the stability of ecosystems globally and supporting

regional development (Liu et al., 2022; Wang et al., 2022a). These

grasslands provide various ecological functions and services such as

the sustenance of livestock products and soil erosion control.

Moreover, they have scarce and uneven precipitation, with

extreme temperature fluctuations (Fan et al., 2020). Under harsh

and volatile environmental conditions, grasses are especially

vulnerable to climate change because most of them are shallow-

rooted and short-lived, and in a simple community structure (Xiao

et al., 1995; He, 2017). Therefore, climate-induced phenological

shifts in Inner Mongolian grasslands are remarkable and deserve

more attention.

Previous studies on grassland vegetation phenology in Inner

Mongolia have focused on spring and autumn phenology and

examined how the start and end of the growing season (SOS and

EOS, respectively) respond to global climate change (Ren et al.,

2017, 2019; Fan et al., 2020; Liu et al., 2022). These key growth stage

indicators have been used as proxies for vegetation phenology and

provide insights into the entire vegetation life cycle. However, the

dynamics of summer phenology, namely the peak of the growing

season (POS), have received less attention. During the early growing

season (from the SOS to the POS), plants have high nutritional

quality and good palatability for herbivores (Morellato et al., 2016;

Robles Jimenez et al., 2021). Moreover, the POS marks the

transition in vegetative photosynthetic activity from the growth

phase to the decay phase (Gonsamo et al., 2018), implying that

resource availability for livestock may decrease. Hence, how

phenology shifts during the early growing season must be

investigated to provide a basis for the management and

conservation of grassland ecosystems.

Moreover, phenological shifts can be driven by various climatic

factors, such as air temperature and precipitation (Liu et al., 2016;

Du et al., 2019). However, research findings have been inconsistent.

For instance, Ren et al. (2017) indicated that from 2000 to 2016,

increased air temperature advanced the SOS in the meadow steppe

but delayed it in the typical and desert steppes in Inner Mongolia. In

contrast, in situ observations at eight sites in the Inner Mongolian

grasslands showed that a warming climate contributed to earlier

SOS for the three steppe types (Wang et al., 2019). Similar

uncertainties exist regarding the effects of precipitation on

phenological shifts (Miao et al., 2017; Wang et al., 2022b). Such
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different climatic impacts imply different mechanisms underlying

the phenological shifts. Furthermore, the changing climate can

influence vegetation growth through complex temporal effects

and asynchronously (Anderegg et al., 2015; Zhou et al., 2022). An

advance or delay in a phenological event is influenced strongly by

cumulative precipitation and heat during the preseason (a specific

period before the phenological event) (Guo et al., 2015; Wang et al.,

2020). These cumulative climate effects may reflect inherent

vegetation requirements (Wang et al., 2022a). However, the

definition of the preseason and its determination lacks consensus.

Mostly, a fixed day of the calendar year is set as the start of the

period with a relatively long time step (e.g., one month) (Liu et al.,

2016; Gusewell et al., 2017; Ma et al., 2022). However, this approach

may result in mismatches between the preseason and plant

lifecycles or climate cycles and conceal the intrinsic capacity of

plants to adapt to changing climates (Munson and Long, 2017).

Additionally, it remains unclear whether the mechanisms driving

phenological changes vary depending on the plant growth stage.

The overall goal of our study was to illuminate the mechanisms

underlying shifts in vegetation phenology during the early growing

season (between SOS and POS) across Inner Mongolian grasslands

from 2000 to 2018. To achieve it, we measured the preseason for the

SOS and POS from a statistical perspective and at the day level. We

investigated the spatiotemporal changes in SOS and POS and

determined their climatic requirements of precipitation, air

temperature, and solar radiation during the preseason. We then

discussed how climate affected the SOS and POS. These findings

enhanced our understanding of grassland ecosystem responses in a

changing environment and informed effective management and

conservation strategies.
2 Materials and methods

2.1 Study area

Inner Mongolia (37.4°–53.4°N, 97.2°–126.1°E) is located in

northern China. It has long, cold winters and short, warm, wet

summers. The annual precipitation varies from less than 100 mm to

approximately 450 mm from west to east and is usually

concentrated in June and July. The annual mean temperature

ranges from -3.2°C in the north to 11.5°C in the south (Gong

et al., 2015; Fan et al., 2020).

The present study focused on the Inner Mongolian grasslands

that occupy 22% of China’s total grassland area and mainly

comprise three types of temperate grassland steppe: typical,

meadow, and desert steppes (Tong et al., 2023). We selected

grassland areas unaltered from 2001 to 2018 to avoid the

potential effects of land-cover changes driven by human activities

on plant growth (Figure 1). In these areas, different steppes have

diverse environmental conditions. For example, the desert steppe is

warmer and drier than typical and meadow steppes, whereas the

meadow steppe is the coldest and wettest. The multiannual averages

of the climatic conditions from 2000 to 2018 are listed in

Supplementary Table S1.
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2.2 Data resources

The study utilized an 8-day 0.05° gross primary productivity

(GPP) dataset (https://data.tpdc.ac.cn/zh-hans/data/582663f5-

3be7-4f26-bc45-b56a3c4fc3b7) to derive the SOS and POS from

2000 to 2018. This dataset was produced using an improved

vegetation photosynthesis model (VPM) and driven by satellite

data from the Moderate-resolution Imaging Spectroradiometer

(MODIS) and climate data from the National Centers for

Environmental Prediction (Reanalysis II). It enhanced accuracy in

capturing vegetation photosynthesis by controlling plant function

type-specific parameters for C3 and C4 plants and eliminated

possible errors due to low-quality or missing data using a novel

gap-filling and smoothing algorithm (Zhang et al., 2017).

To examine the effects of climatic factors on the SOS and POS, we

obtained 0.1° gridded near-surface daily meteorological data from the

National Tibetan Plateau Data Center (https://data.tpdc.ac.cn/zh-

hans/data/8028b944-daaa-4511-8769-965612652c49) (He et al.,

2020). In the present study, the precipitation, air temperature,

and solar radiation during 1999–2018 were employed.

We used the grassland data layer from the MODIS Terra/Aqua

Combined Land Cover Type Yearly product with a spatial resolution

of 0.05° (https://lpdaac.usgs.gov/products/mcd12c1v006). Employing

the International Geosphere-Biosphere Program classification

scheme, we selectively extracted the pixels identified as grassland

for the period from 2001 to 2018 (data for 2000 was not available) to

ensure consistency in the land cover throughout the study period.

We further classified the grasslands into three types of steppe:

desert, typical, and meadow. This classification was based on a

1:1,000,000 vegetation-type map of China in the 1980s (https://

poles.tpdc.ac.cn/zh-hans/data/eac4f2cf-d527-4140-a35d-79992957f043/),

which is a dataset compiled by the Editorial Committee for the Chinese

VegetationMap of the Chinese Academy of Sciences and organized by the

Institute of Botany of the Chinese Academy of Sciences (Zhang, 2007).
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2.3 Statistical analyses

2.3.1 Generalized additive model for deriving
phenological metrics

We used a generalized additive model (GAM) as a smoothing

approach to fit the raw 8-day GPP data to an annual cumulative

growth curve for each pixel. The GAM is a nonparametric fitting

method that allows various relationships (either linear or non-linear)

between the response variable and explanatory variable(s). This

method enabled us to reduce the potential uncertainty resulting

from fluctuations in vegetation growth caused by changes in

environmental conditions (Ravindra et al., 2019; Ma et al., 2022).

In the present study, we treated GPP as the dependent variable and

day of the year (DOY) as the independent variable. Thin plate

regression splines were used as the smoothing function, and the

number of base dimensions (k) was set to the default value (Chen

et al., 2024). The smoothing parameter was selected using the

Generalized Cross-Validation (GCV) method, which is an

automated and robust approach to parameter selection (Wood,

2017). To maintain consistency across the study area and improve

computational efficiency, the parameters were kept identical for all

pixels. In addition, before fitting the models, we removed pixels with

missing values and anomalies in the raw GPP time series. Finally, the

average adjusted R squared across the study area was over 95%. Based

on the fitted GPP time-series curve, we defined the SOS for each pixel

as the first day on which the cumulative curve reached 10% of the

maximum in the current year. The POS was determined as the day on

which the curve peaked (Xu et al., 2016a; Yang et al., 2019).

Moreover, we calculated the SOS and POS across different steppes

by averaging the corresponding values from all pixels within each

specific steppe area. Similarly, a regional-scale analysis was conducted

by averaging the SOS and POS values from all pixels across the study

area. Thus, we had phenological estimates at three distinct scales:

pixel, steppe type, and the whole study area.
FIGURE 1

Distribution of grassland areas unaltered from 2000 to 2018, including three main types of steppes in Inner Mongolia. The top left inset of the panel
shows the geographic location of the study area in China.
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2.3.2 Temporal variations in
vegetation phenology

The temporal trends of the SOS and POS over 2000–2018 were

calculated by the linear regression model at pixel, steppe, and

regional scales. The significance of the temporal trend was tested

using a t-test.

Additionally, to investigate the magnitudes of change in the

SOS and POS from 2000 to 2018, we compared these phenological

metrics between the beginning and end periods at the steppe scale.

To eliminate the uncertainties caused by an abnormal SOS/POS in

the specific year(s), we first calculated the average multiannual SOS/

POS for each pixel during 2000–2004 and 2014–2018. The selection

of five-year period was chosen based on a previous study (Ren et al.,

2017). We then compared the SOS/POS variations using one-way

ANOVA for the desert, typical, and meadow steppes separately.

2.3.3 Climatic requirements for
phenological events

To calculate the climatic requirement (i.e., precipitation, air

temperature, and solar radiation) for the SOS and POS, we first

determine the optimal preseason length for each climatic factor.

First, we predefined a range of preseason lengths from 1 to 240

days, increasing one day at a time, before the SOS/POS for each year

from 2000 to 2018. For example, if the SOS was DOY 100 in 2001,

the predefined preseasons ranged from DOY 99, DOY 98, and so

on, back to DOY 225 in 2000. Next, we fitted a series of linear

regression models for each pixel. In these models, the SOS/POS was

the dependent variable, and the accumulated total volume of a

climatic variable during the corresponding preseason was the

independent variable. For each climatic factor, we constructed

pixel models based on 19 paired samples (one for each year) of

SOS/POS and the accumulative climatic variables during the 240

predefined preseason periods from 2000 to 2018. Thus, each pixel

had 240 potential models. From these 240 models, we identified the

optimal model with the highest determination coefficient (R2)

(Wang et al., 2022a). Using this optimal model, we determined

the overall optimal preseason for 2000–2018 and the cumulative

total volume of the climatic variable during the optimal preseason.

This cumulative value represents the climatic requirement for the

SOS/POS (Supplementary Figure S1). Each climatic variable was

processed according to the above steps.

We determined the start date of the optimal preseason for each

pixel by subtracting the optimal preseason length from the average

multiannual phenological dates from 2000 to 2018.

2.3.4 Relationships between vegetation
phenological shifts and climatic requirements

We calculated the Pearson correlation coefficient between the

SOS/POS and climatic requirements to evaluate their relationships

at the pixel scale.

To ensure data consistency, we processed all spatial datasets to

the same geographic extent and spatial resolution (0.05°) before the

statistical analyses. The significance of all statistical analyses was

tested at the 95% level. We performed all analyses and graphical

outputs using R version 4.1.3 (https://www.r-project.org).
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3 Results

3.1 Spatiotemporal variations in vegetation
phenological changes

3.1.1 Spatial patterns of vegetation phenology
The average multiannual SOS in the Inner Mongolia grasslands

occurred primarily in late April and May, with a regional mean of

DOY 130 ± 13, while the average multiannual POS occurred mainly

in late July and early August, with a regional mean DOY of 209 ± 7.

Spatially, SOS showed a gradual delay from east to west (Figure 2A),

whereas POS occurred earlier in the central region than at both the

western and eastern ends (Figure 2B).

The desert steppe had a significantly later SOS (DOY 142 ± 11)

than that of the meadow (DOY 129 ± 10) and typical steppes (DOY

128 ± 11) (Figure 3A), whereas the three steppes had approximately

similar (though significantly different) POS (Figure 3B); this

suggested that the desert steppe had a significantly shorter early

growing season (69 ± 10 days) than that of the typical (81 ± 10 days)

and meadow steppes (76 ± 11 days).

3.1.2 Temporal dynamics of
vegetation phenology

At the regional scale, both the SOS and POS advanced over time

but at different rates. The spatially averaged SOS advanced

significantly by 0.65 days/a (p < 0.05), whereas the spatially

averaged POS advanced slightly and not significantly by 0.19

days/a (p = 0.48) over 2000–2018 (Figures 2C, D).

At the pixel scale, we observed spatial heterogeneity in the

annual trends of SOS and POS across the Inner Mongolian

grasslands. A substantial proportion (82.7%) of the grassland

areas exhibited an advancing SOS trend, with 34.0% of these

changes achieving statistical significance. This trend was most

pronounced in the southwest and parts of eastern areas

(Figure 2E). Delayed trends of SOS were observed in a few,

widely dispersed areas (Figure 2E). For POS, the majority of the

study area (68.0%) exhibited advanced trends, yet only 9.4% of these

were statistically significant. Approximately a third of the grasslands

experienced delayed POS, mainly in the central area, and most of

these changes were not statistically significant (Figure 2F).

At the steppe scale, all three steppes experienced an overall

advancing trend, and their trend strengths for both SOS and POS

significantly differed (Figures 3C, D). The desert steppe had the

strongest advancing trends for both SOS (-0.93 ± 1.00 days/a, p =

0.20) and POS (-0.48 ± 0.70 days/a, p = 0.43). The typical steppe

(-0.69 ± 0.82 days/a, p < 0.05) showed a stronger advancing SOS

trend than the meadow steppe (-0.62 ± 0.60 days/a, p < 0.05). In

contrast, for POS, the meadow steppe (-0.24 ± 0.38 days/a, p = 0.29)

had a stronger advancing trend than the typical steppe (-0.13 ± 0.51

days/a, p = 0.74). Regarding the magnitudes of phenological shifts,

we found that SOS advanced significantly by an average of nine days

for all three steppes (Figure 3E), and POS occurred earlier by an

average of seven, four, and two days for the desert, meadow, and

typical steppes, respectively, between 2000–2004 and 2014–

2018 (Figure 3F).
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Furthermore, we found that the areas where SOS and POS

tended to advance more over time were those where they occurred

later (Figures 2A, B, E, F), which could also be confirmed by the

results among different steppes. The SOS trends were most

correlated with SOS for the desert steppe (-0.022), followed by

typical (-0.020) and meadow steppes (-0.010) (Supplementary

Figure S2A). In comparison, the correlation between the POS and

POS trends was stronger for the typical steppe (-0.024) and weaker

for the meadow (-0.0078) and desert steppes (-0.0037)

(Supplementary Figure S2B).
3.2 Changes in preseason
climatic requirements

3.2.1 Start of the growing season
On estimating the average multiannual preseason precipitation

requirements across the grasslands, most had a low preseason
Frontiers in Ecology and Evolution 05
precipitation requirement (0–30 mm); some areas in the

southwestern parts, however, had a high requirement (more than

120 mm) (Figure 4A). Furthermore, we detected an increased trend

of preseason precipitation requirements in 61.3% of the grassland

areas (28.4% of them were statistically significant) (Figure 4B).

Across the grasslands, the average multiannual preseason air

temperature requirement was mainly distributed in the range of

15000–45000 K, with an average of 26640 K. In parts of the

southeastern grasslands, the requirements were higher (>

45000 K) than those in the rest of the grasslands (Figure 4C). In

addition, 74.6% of the total grassland areas experienced decreased

preseason air temperature requirements. Areas with increased

trends were situated in parts of the northeastern, southeastern,

and central grasslands (Figure 4D).

Most of the grasslands had a moderate preseason solar radiation

requirement (1500–2000 MJ/m2), except for some areas in the

northeastern and southeastern grasslands that had a low

requirement and some areas in the southwestern and
FIGURE 2

Spatial patterns of the multiannual averages and temporal trends of the start and peak of the growing season (SOS and POS, respectively) in the
grasslands of Inner Mongolia over the 2000–2018 period. The top left insets of panels (A, B) show the frequency distributions of SOS and POS,
respectively. (C, D) show the annual trends of the regional average SOS and POS, respectively. The shaded areas represent the 90% confidence
interval of the estimated slope. (E, F) show the spatial patterns of the annual trends of SOS and POS, respectively. The gray masked areas indicate
regions where the trends are not statistically significant. (p > 0.05).
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northwestern edge of the grassland that had a high requirement

(Figure 4E). In addition, the areas with decreased preseason solar

radiation requirements accounted for 77.6% of the grasslands

(22.3% statistically significant) (Figure 4F).
3.2.2 Peak of the growing season
The average multiannual preseason precipitation requirement for

POS was 95 ± 72 mm and it exhibited high spatial variability

throughout the grasslands (Figure 5A). We detected an increased

trend of preseason precipitation requirements for the POS in 68.0%

of the grassland areas (6.8% statistically significant) (Figure 5B). Areas

with decreased requirements were mainly located on the northern edge

of the grasslands, similar to those for the SOS (Figure 4B).

Across the grasslands, the average multiannual preseason air

temperature requirement for the POS was 43689 ± 9282 K. The

preseason air temperature requirements were higher in the eastern

and western areas than in the central areas (Figure 5C). Moreover,

in parts of the central and eastern areas, the preseason air

temperature requirements experienced an increased trend

(Figure 5D), accounting for 40.3% of the grasslands (4.2%

statistically significant).
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The average multiannual preseason solar radiation requirement

increased from east to west, with a maximum difference of > 3000

MJ/m2 (Figure 5E). We detected an increased trend of preseason

solar radiation requirements for POS in 37.2% of the grassland areas

(4.2% statistically significant), mainly in the northeast and central

areas (Figure 5F).
3.3 Relationships between vegetation
phenological shifts and
climatic requirements

3.3.1 Start of the growing season
We found that the SOS was positively correlated with both air

temperature and solar radiation requirements in almost all study

areas. This indicated that vegetation with higher heat requirements

tended to start growing later. A significant correlation between the

SOS and air temperature requirement was observed in 11.3% of

these areas, primarily distributed in northeastern and southeastern

areas (Figure 6C). Similarly, the SOS showed a significant

correlation with solar radiation requirement in 19.9% of the study

area, with a notable concentration in the eastern area (Figure 6E).
FIGURE 3

Comparisons of the average multiannual (A, B), frequency of changing trends (C, D), and regional average variation (E, F) of the start and peak of the
growing season (SOS and POS, respectively) among desert, typical, and meadow steppes. ion (d). The different letters indicate there is a significant
difference between the two variables (p < 0.05). In (E, F), the colored and blank items denote the multiannual average during 2000–2004 and 2014–
2018, respectively.
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The regional average correlation coefficients were 0.26 ± 0.19 for air

temperature and 0.34 ± 0.17 for solar radiation. The correlation

between the SOS and preseason precipitation requirement was

weaker at the regional scale (0.095 ± 0.27) and varied more at the

pixel scale than the correlations between the SOS and heat

requirements. Approximately 62.1% of the grasslands had a

positive correlation (12.7% statistically significant) between the

SOS and preseason precipitation requirement (Figure 6A).

Interestingly, this spatial pattern was similar to that of the

optimal preseason length of precipitation for the SOS

(Supplementary Figure S3A).

3.3.2 Peak of the growing season
We also found that the POS was positively correlated with heat

requirements across the study area, with a correlation coefficient of

0.45 ± 0.18 for air temperature and 0.16 ± 0.18 for solar radiation. In

nearly all areas, a positive correlation was observed between the

POS and air temperature, with 43.5% of the study area showing

statistically significant correlations, mainly located in the eastern
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areas (Figure 6D). In the case of solar radiation, a positive

correlation with POS was observed in 85.9% of the study area.

However, the majority of these correlations were not statistically

significant (Figure 6F). The correlation coefficient between the POS

and precipitation requirement showed high spatial heterogeneity,

with a regional mean of 0.11 ± 0.21. Most of the grasslands (70.0%)

showed a positive correlation, of which only 4.3% were statistically

significant (Figure 6B).
4 Discussion

This study revealed the spatiotemporal dynamics and

underlying drivers of phenological shifts in the Inner Mongolian

grasslands from 2000 to 2018. We discovered distinct

advancements in both the SOS and POS, characterized by varying

spatial distributions and degrees of change. Our analysis highlighted

the significant influence of preseason climatic conditions on

vegetation phenology, noting that the climatic requirements
FIGURE 4

Spatial patterns of average multiannual preseason requirements and annual trends of precipitation (A, B), air temperature (C, D), and solar radiation
(E, F) requirements for the start of the growing season during the period 2000–2018 over Inner Mongolia. The top left insets of the left panels (A, C,
E) show the frequency distributions of values of each climatic factor. The gray masked areas in the right panels (B, D, F) indicate regions where the
trends are not statistically significant. (p > 0.05).
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exhibited spatial variations and were influenced by different stages

of vegetation growth. The insights gained from our findings were

pivotal for a deeper understanding of how grassland ecosystems

respond and adapt to ongoing climate changes.
4.1 Spatiotemporal changes in vegetation
phenology and their mechanisms

4.1.1 Spatial distributions in vegetation phenology
The spatial distribution of the average multiannual SOS and

POS across the grasslands presented a notable pattern (Figures 2A,

B), which was likely influenced by regional differences in thermal

variables. Specifically, the westward delay in SOS (Figure 2A)

aligned with an increasing solar radiation requirement moving

from east to west (Figure 4E). On the other hand, the pattern of

POS corresponded closely with air temperature requirements,

exhibiting lower values in the central region and higher values in

the eastern and western areas (Figures 2B, 5C). These results
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corroborate the hypothesis that the main factors affecting

vegetation phenology vary depending on the plant growth stage

(Yin et al., 2021).

At the steppe scale, the desert steppe had significantly later SOS

and POS than those of the typical and meadow steppes (Figures 3A,

B). This could be attributed to disparities in soil water availability

and thermal conditions among these grassland types. The desert

steppe had lower water supply and higher soil moisture evaporation

due to higher air temperatures and solar radiation (Supplementary

Table S1), which delayed the increase in environmental moisture

required for the vegetation to break dormancy (Liu et al., 2022). As

a result, recent precipitation before the SOS exerted a more

pronounced influence on the SOS for the desert steppe than for

the other two steppe types (Supplementary Figures S4A, C, E).

Moreover, a higher thermal supply in the desert steppe

(Supplementary Table S1) increased the optimum temperature for

plant photosynthesis, thereby enhancing plant photosynthetic

capacity and subsequently delaying when vegetation reached its

POS (Huang et al., 2019). In contrast, the meadow steppe, with the
FIGURE 5

Spatial patterns of average multiannual preseason requirements and annual trends of precipitation (A, B), air temperature (C, D), and solar radiation
(E, F) requirements for the peak of the growing season (POS) during the period 2000–2018 over Inner Mongolia. The top left insets of the left panels
show the frequency distributions of values of each climatic factor. The gray masked areas in the right panels (B, D, F) indicate regions where the
trends are not statistically significant. (p > 0.05).
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lowest thermal input, experienced the earliest POS among

the steppes.

4.1.2 Spatiotemporal trends in
vegetation phenology

The regionally averaged SOS and POS advanced across the

Inner Mongolian grasslands from 2000 to 2018 (Figures 3C, D).

This advancement aligned with findings from other studies, though

magnitudes vary due to different datasets and methodologies (Gong

et al., 2015; Qiao and Wang, 2019).

We found that most areas with an advanced SOS required less

heat over time, including air temperature and solar radiation

(Table 1; Supplementary Figures S10D, G). We speculated that

the dormancy of vegetation in these areas might be shallow because

of warmer winters (Supplementary Figure S9C) (Yan and Chen,

2020). To confirm this, we defined the periods from January to

March as the winter season for air temperature and from December

to subsequent March as the winter for solar radiation, assessing

their influence on SOS. In most areas with earlier SOS, decreased

heat requirements coincided with increased winter temperatures
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and solar radiation (Supplementary Figures S10D, F, G, I),

facilitating earlier vegetation dormancy break from 2000 to 2018,

which was consistent with previous studies (Liu et al., 2022; Wang

et al., 2022a). Nevertheless, in the southwestern grasslands, despite

decreased winter heat (Supplementary Figures S11F, I), the SOS

advanced significantly (Figure 2E). These areas were always the

warmest and sunniest in the winter from 2000 to 2018 than the rest

of the study area (Supplementary Figures S9C, E), indicating that

heat was not a limiting factor for spring vegetation recovery. In

some northeastern grasslands, there was a significant advancement

in SOS despite a notable decrease in winter air temperature

(Supplementary Figure S10F). A possible explanation for this was

that the SOS had a stronger association with significantly increased

winter solar radiation (Supplementary Figure S10I) than with the

decreased winter air temperature, as evidenced by correlation

coefficients of 0.47 ± 0.16 and 0.43 ± 0.18, respectively

(Figures 6C, E). Therefore, increased winter solar radiation could

offset the opposite influence of winter air temperature. However, in

some eastern and northwestern grasslands with an insignificant

reduction in winter solar radiation and an increase in temperature,
FIGURE 6

Spatial patterns and comparisons of the correlation coefficient between the start and peak of the growing season (SOS and POS, respectively) and
preseason precipitation (A, B), air temperature (C, D), and solar radiation (E, F) requirements. The gray masked areas indicate regions where the
correlations are not statistically significant (p > 0.05).
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SOS advanced (Supplementary Figures S10F, I). In these areas,

insignificant changes in winter heat had insufficient influence on

SOS variation.

The effects of precipitation on the SOS were more complex than

those of thermal conditions (Figures 6A, C, E). In areas with

advanced SOS (Figure 2E), the effects of precipitation varied with

the optimal preseason length. In areas with short optimal

preseasons (< 30 days) (Supplementary Figure S3A), the

precipitation requirements decreased (Supplementary Figure

S10A) and positively correlated with SOS (Figure S10B). Winter

precipitation (January to March) increased from 2000 to 2018

(Supplementary Figure S11C), leading to an advanced SOS. In

contrast, areas with long optimal preseasons (> 210 days)

(Supplementary Figure S3A) showed negative correlations

between the SOS and increased precipitation requirements

(Supplementary Figures S10A, B). These areas also matched those

with delayed EOS indicated by Ren et al. (2017). This suggested

possible legacy effects of autumn phenological changes on spring

phenology by regulating the climatic requirements during the

endodormancy period, which were supported by prior studies (Fu

et al., 2014; Shen et al., 2020). However, further studies are required

to identify the exact mechanisms, especially in arid and semi-

arid grasslands.

In areas showing delayed SOS, the requirements for all three

climatic factors increased (Table 1; Supplementary Figures S11A, D,

G) and were positively correlated with SOS (Supplementary Figures

S11B, E, H). We found that these areas experienced more intense

winter warming compared to the rest (Supplementary Figure S11F).

Warmer winters can reduce chilling accumulation, disrupting

normal vegetation recovery processes (Li et al., 2016), and may

increase the accumulation of forcing temperature to trigger SOS in

spring, leading to its delay (Fu et al., 2015). These delayed effects of

intense winter warming contradicted the effects of higher winter air
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temperature on advanced SOS, implying that the impact of winter

warming on spring phenology varies depending on warming

intensity (Beil et al., 2021). Whether there is a critical threshold

of winter warming that causes a shift in its impact on spring

phenology warrants further investigations.

Only 7.3% of the study area showed significant POS changes at

p < 0.05 (Figure 2F). This proportion increased slightly to 11.3%

when considering a 90% confidence level. These observations were

in line with several other studies indicating non-significant changes

in the POS. For instance, Li et al. (2023) reported that only 6.38% of

the boreal ecosystem showed significant POS trends at p < 0.05 from

2001 to 2019. Wang and Wu (2019) found a non-significant

advanced trend in the POS for temperate grassland in China

during 1982–2015. These findings suggest the relative stability

and robust adaptation of vegetation to climatic conditions in this

phenological stage.

Building on the observed stability and adaptability of

vegetation, it was essential to explore how specific climatic factors

affect POS variations. In the study, areas with delayed POS,

primarily in the central region, showed a more concentrated

distribution compared to those with delayed SOS (Figures 2F, E).

In most of these areas, an increase in heat requirements was noted

(Supplementary Figures S12D, G), indicating that the local

vegetation was adapting to environments with higher air

temperatures and more solar exposure (Table 1). This adaptation

appeared to be a response to the rising air temperatures from

January to June and solar radiation last December to June

(Supplementary Figures S12F, I). Moreover, these conditions

enhanced the maximum photosynthetic capacity of vegetation,

leading to a delayed POS (Yang et al., 2019). Conversely, areas

with advanced POS during 2000–2018 showed a decreased need for

heat (Table 1; Supplementary Figures S13D, G). Meanwhile, these

areas experienced either a decrease or a slight increase in air
TABLE 1 Summary of statistical parameters of trend of climatic requirement, effect of climatic requirements on phenology, and trend of
climatic factor.

Climatic factor

Trend of climatic
requirement
for phenology

Climatic effect
on phenology Trend of climatic factor

Areas with advanced SOS

Precipitation 0.88* -0.35 0.21

Air temperature -20.68** 0.43 2.58

Solar radiation -12.45* 0.49* 0.87

Areas with delayed SOS

Precipitation 0.88* 0.19 0.35

Air temperature 14.79* 0.21 3.51

Solar radiation 8.58 0.57* 0.076

Areas with advanced POS

Precipitation 0.72 -0.29 0.43

Air temperature -11.86 0.40 7.34

Solar radiation -6.88 0.52 1.66

Areas with delayed POS

Precipitation 1.52 -0.36 0.47

Air temperature 16.28 0.47 7.52

Solar radiation -6.89 0.54* 2.99
The trend of climatic requirement and climatic factor is the slope of the linear model and climatic effect on phenology is the correlation coefficient. *, p <0.05; **, p <0.01.
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temperature and solar radiation (Supplementary Figures S13F, I).

These thermal trends could hamper vegetation from maximizing its

growth, thereby leading to an earlier POS. Here, in both scenarios—

areas with delayed and advanced POS—we observe a coherent

trend: vegetation adapted its air temperature and solar radiation

requirements in line with the changes in these thermal factors. This

synchronized adjustment in response to changing thermal

conditions implied the ecological adaptation strategy.

In contrast to the clear relationships between POS and thermal

conditions, the effect of precipitation on POS appeared to be more

complex and varied greatly across different areas (Figure 6B).

Changes in spring-early summer precipitation from 2000 to 2018,

whether an increase or decrease, led to varying responses in POS

across the grasslands (Supplementary Figures S12A–C, S13A–C).

This variability was because POS was mostly affected by recent

precipitation requirements in most of the grasslands

(Supplementary Figure S7A), and such short-term effects varied

greatly across different areas depending on the local microclimatic

conditions (Chen et al., 2020). For example, moderate precipitation

in areas with mild climates could provide suitable water amounts

and enhance vegetation growth (Zhang et al., 2023), however, short-

term heavy precipitation in similar environments could retard

vegetation growth by reducing oxygen and decomposition of

organic matter in the soil (Guo et al., 2015; Zhao et al., 2022).

Such local variability in precipitation contributed to the observed

spatial heterogeneity in POS responses. Moreover, in both the

areas with earlier and later POS (Supplementary Figures S13,

S14), the correlations between the POS and precipitation

requirement (0.11 ± 0.21 and 0.11 ± 0.20) were weaker than

those between POS and air temperature (0.45 ± 0.19 and 0.43 ±

0.17) and solar radiation requirements (0.16 ± 0.19 and 0.45 ± 0.18).

This suggested that POS had stronger associations with thermal

requirements than with precipitation requirements, and the impact

of precipitation on the POSmight be masked, which agreed with the

findings of Wang and Wu (2019).

At the steppe scale, the desert steppe showed the most

pronounced changes in SOS and POS (Figures 3C, D), likely due

to the harsh environment with drought and low precipitation

(Supplementary Table S1). In contrast, the typical steppe, with a

more moderate climate (Supplementary Table S1), had a greater

safety margin to climate change (Xu et al., 2016b). Meanwhile, the

typical steppe had more similar climate conditions (Supplementary

Table S1) and climatic requirements and their temporal changes for

both SOS and POS to meadow steppe than to desert steppe

(Supplementary Figures S5, S6). Accordingly, the typical and

meadow steppes showed more similar advanced trends for both

SOS and POS compared with desert steppe (Figures 3C, D).

In summary, in spring, the vegetation in Inner Mongolian

grasslands required less preseason heat due to warming winters,

leading to an earlier SOS. This indicated that the climatic

requirement side of vegetation was dominant in the phenological

dynamics during the early growth stage. In contrast, in summer,

there was the same tendency of thermal requirements for POS and

preseason air temperature and solar radiation. This suggested that

as vegetation grew, climatic requirements were adjusted to match

climatic conditions, and thus, the adaptation of vegetation became
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more effective. The different phenological responses to climatic

conditions in spring and summer reflected the dynamic balance

between the climatic requirements of vegetation and the available

preseason climatic conditions, providing new insight into the

mechanisms of phenological shifts under climate change.
4.2 Implications and limitations

The effects of preseason climatic conditions on the timing of

plant life cycles are being emphasized increasingly (Gusewell et al.,

2017; Ren et al., 2017; Wang and Wu, 2019). However, the

relationship between vegetation phenology and climatic factors

may vary depending on the preseason duration. Thus, a fixed

preseason length may not capture the complexity of vegetation

responses to climate change. In the present study, we found that

different climatic factors had different optimal preseason lengths for

different phenophases, providing an opportunity to reconsider the

determination of preseason length; this also suggests that vegetation

has different climatic requirements that may not be synchronized.

Therefore, we argue that timing is a crucial factor to consider when

studying the impacts of climate change on vegetation growth.

In the present study, we used the accumulated volume of daily

climatic indicators before phenological events to assess the effects of

climatic factors on vegetation phenology. While these accumulated

volumes could be regarded as the drivers of vegetation phenology from

a statistics perspective, further physiological and biochemical research

is necessary to more precisely evaluate climatic requirements. In

addition, our analysis examined the individual impacts of each

climatic factor on phenology, yet it did not account for their

potential synergistic effects. The non-linear and interrelated nature of

climate-plant interactions was also overlooked (Papagiannopoulou

et al., 2017).Future studies could concentrate on the synergistic

effects of various climatic factors on phenology by developing more

accurate and comprehensive indicators or algorithms, and consider the

timeliness of climatic factors (Alatalo et al., 2016; Du et al., 2019).

Although we chose areas that were covered with grasslands in all years

from 2001 to 2018 and avoided the potential effects of human-driven

land-use changes, human intervention, such as grazing and ecological

conservation projects, inevitably affected our results. Changes in species

composition can also alter vegetation phenology, and they can affect

phenological responses to climate change in plant communities

(Zografou et al., 2021). These direct and indirect effects on vegetation

phenology need to be considered in follow-up research work. Finally,

our study focused on long-term trends in phenology and did not

account for the uncertainties caused by extreme climatic events, which

should be explored in further research.
5 Conclusions

Our investigation into the SOS and POS of Inner Mongolian

grasslands reveals critical insights into how these ecosystems are

responding to ongoing climate changes. In this study, we analyzed

the SOS and POS changes using GPP and climate data and

determined the optimal preseason lengths and climatic
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requirements for these phenological events. Spatially, the SOS

showed a westward delay, and the POS generally occurred earlier

in the central region than in the western and eastern edges of Inner

Mongolia. The results showed that the SOS advanced at a rate of

0.65 days/a and the POS was stable at the regional scale over the

period from 2000 to 2018. Due to the harsh environment, the desert

steppe exhibited the most pronounced advancements in both SOS

and POS compared to meadow and typical steppes, signaling a need

for ecological management in these areas. Our research emphasized

the importance of considering the optimal preseason length for

different climatic factors, challenging the conventional approach of

using a fixed preseason duration. These findings contribute to

understanding the mechanisms of climatic factors driving

phenological shifts in grassland ecosystems and can inform future

conservation and climate adaptation strategies.
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