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Vegetation is an integral part of terrestrial ecosystem and plays an important
role in responding to climate change, with its dynamic characteristics reflecting
the ecological environmental quality. Recently, the continually increasing
frequency and intensity of droughts has greatly changed how vegetation
growth and development respond to drought. In this study, using hormalized
difference vegetation index and standardized precipitation evapotranspiration
index (SPEI), we studied the response characteristics of vegetation dynamics to
multi-scale drought stress (SPEI-1, SPEI-3, and SPEI-12) in the Nenjiang River
basin (NRB) via Pearson correlation analysis, along with further exploration
of the vegetation stability under drought. The results showed that the same
period effect of drought on vegetation growth in NRB mainly occurs during
the early and middle stages of vegetation growth. Furthermore, the proportion
of significant positive correlation between them is 15.3%-43.3%, mainly in the
central and southern parts of the basin. The lagged period effect of drought
on vegetation growth mainly occurred during autumn in the southeast and
middle of the basin, with a significant positive correlation of 20.8%. Under
drought stress, the forest vegetation stability in NRB was the highest, with
the resilience of wetland and grassland vegetation being the best and worst,
respectively. Our study results will not only deepen our understanding of
the dynamic vegetation changes in the high-latitude semi-arid basin under
global climate change, but also provide a scientific basis for the management
and water resources allocation of “agriculture-wetland-forest” complex
ecosystem in the future.
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Introduction

Vegetation is an important part of the terrestrial ecosystem and
an indicator of the response to climate change (Jia et al., 2014). It
is indispensable in the global hydrological cycle, energy flow, and
climate regulation (Xia et al., 2014). As one of the important soil
erosion barriers, vegetation can effectively change the underlying
surface of the ground. However, due to global warming, the
increasing frequency and intensity of droughts will change the
vegetation cover and indirectly have a great impact on the
ecological environment, agricultural production, and economic
and social development (Dai, 2013; Leng et al., 2015). Drought
occurs frequently, transforming the growth status and spatial
distribution of vegetation (Wu et al., 2015). Drought-induced
water stress hinders the growth and development of plants, with
some even withering and dying, thereby deteriorating the regional
ecological environment (Zhao et al., 2020a). Drought accompanied
by an increase in temperature may have a greater impact on
vegetation growth in the future (Cooley et al., 2019). Understanding
the variability of plant response times to drought is essential to
improve our understanding of the reciprocal feedbacks between
ecological environments and climate change (Wen et al., 2019).

The response of vegetation change to drought has been widely
studied on both the regional and global scales. Studies have shown
that global warming-induced drought has reduced the net primary
productivity of vegetation (Zhao and Running, 2010). Nanzad et al.
(2019) suggested that the spatial difference between vegetation
change and drought in Mongolia was mainly determined by land
types and plant growth environment. Although Gouveia et al. (2017)
showed that the drought in the Mediterranean basin had little effect
on the vegetation of temperate oceanic and continental climates, it
greatly affected the types of desert vegetation. Hollunder et al. (2021)
evaluated the impact of drought events on the forest ecosystem
function in South America and Atlantic Ocean. They found that
larger habitats of trees are resources-rich and, therefore, can provide
nutrients and water during periods of drought. There is a positive
correlation between vegetation cover and drought in northern
Xinjiang, North China, and Northeast China, with a negative
correlation in the south of the Qinling-Huaihe region (Zhang et al.,
2017); with vegetation changes in arid and semi-arid areas being
more sensitive to meteorological drought (Zhang et al., 2016).
Different ecosystems have varied responses to drought, with forests
having the strongest drought resistance (Xu et al., 2019). However,
more frequent droughts have begun affecting forests in tropical and
subtropical China (Wang et al., 2016). The response of vegetation
change to drought has a lagged period effect on the time scale.
Related studies show that vegetation changes in Qinghai and Yunnan
have lagged period effects on drought at different time scales (Nichol
and Abbas, 2015; Liu et al., 2017). There are time differences in the
response of different vegetation types toward drought in the east,
middle, and west of Inner Mongolia (Wang et al., 2022a). Among
them, short-term drought significantly affects the grassland, desert
steppe, and grassland desert vegetation. Contrastingly, long-term
drought has a greater impact on forest, forest steppe, and sandy
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desert vegetation (Li et al., 2018). The same period effect refers to the
impact of drought events occurring in a period of time on vegetation
growth, and the lagged period effect refers to the impact of the
dynamic changes of climatic conditions on the current vegetation
growth in the past period of time. Due to the changes of climatic
conditions and human activities, the effects of drought characteristics
on vegetation growth will be different in different regions. Therefore,
the study on the same period and lagged period effects of drought
on vegetation growth in specific areas is of great significance for
understanding the interaction between multi-scale drought and
vegetation growth and implementing more effective vegetation
management strategies (Zhao et al., 2020a).

The NRB, located in Northeast China, is a high-latitude region
with “agriculture-wetland-forest” due to the dual influence of the
natural environment and human activities. Under global climate
change, due to the increase of temperature, the decrease of
precipitation, and the increase of evaporation, the region tends to
be arid, with drought disasters frequently occurring, thereby causing
land salinization and crop yield reduction in the western part of the
basin (Ma et al., 2021). Furthermore, with the increase of extreme
events like high temperature and drought, the wetland vegetation in
the basin has successively evolved to the semi-arid vegetation type
(Zhao and Wu, 2014a). In the past three decades, large farmland
areas have suffered from drought, resulting in great economic losses
(Dong et al., 2012; Guo et al., 2017). Additionally, the unwarranted
development and utilization of soil and water resources has sharply
reduced the area under natural vegetation and caused a significant
decline in soil and water conservation. Especially, due to the
problems of drought, water shortage and water pollution (Hopfner
and Scherer, 2011), the wetlands in this region show phenomena,
like abnormal succession rate of plant community, reduction in
wetland area, destruction of biodiversity, etc. The above-mentioned
problems impact the stability of the NRB ecosystem, thereby
endangering both the ecological security and economic and social
sustainable development. However, there are few studies on the
effects of multi-scale drought on vegetation in this region.

This study analyzes the dynamic changes in response of
vegetation to multi-scale drought in the NRB in Northeast China.
This will provide (1) a theoretical reference for regional
eco-environmental protection and rational distribution of water
resources and (2) practical significance to protect the high-latitude
“agriculture-wetland-forest” complex resource area.

Materials and methods
Study area

The NRB, with an area of 29.7 x 10*km?, is located in the
central and western part of Northeast China (44-50°N, 120-128°E,
Figure 1). It is hot and rainy in summer, whereas being cold and
dry in winter (Du et al,, 2013). The NRB is rich in cultivated land
resources with sufficient sunshine, making it one of the major food
production areas in China. Several important wetland nature
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FIGURE 1
Location of the study area.

reserves are located in this basin (such as Zhalong, Xianghai and
Momoge wetlands; Wu et al., 2020b), with the vegetation in these
wetlands possibly being more vulnerable to drought changes than
other ecosystems (Qi et al., 2021). The Greater Khingan Mountains
and the Lesser Khingan Mountains are located in the west and
north of the NRB, making it the location of the “agriculture-
wetland-forest” complex ecosystem. Recently, due to climate
change and human activities, plant diversity has changed to varying
degrees, which has affected the stability of the NRB ecosystem.

Data

The vegetation index has currently been widely used to evaluate
vegetation growth (Ge et al, 2021). Among the many indices,
normalized difference vegetation index (NDVT) uses near infrared
and infrared bands to eliminate some effects of external factors like
atmosphere and topography (Beck et al., 2011), which are widely used
in the studying vegetation cover and growth status (Li et al., 2022a).
The NDVI dataset was downloaded from the National Aeronautics
and Space Administration' and it comprised the vegetation index

1 https://earthdata.nasa.gov/
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(MOD13A3, collection v006) product of the Terra MODIS, which
provides a value with 1,000-m spatial resolution and 1-month
temporal resolution. Also, the entire study area spanned over four tiles
of granules like a horizontal and vertical coordinate (h25v03, h25v04,
h26v03, and h26v04). Using the pre-processing of the original data,
we obtained the monthly NDVI data from 2000 to Xu et al., 2019, and
the mean method was used to obtain the seasonal and annual NDVI
data, in order to reflect the growth status of surface vegetation.

Meteorological data were obtained from the China Integrated
Meteorological Information Sharing System.” The meteorological
data was collected by 32 meteorological stations in the NRB from
2000 to 2019. The variables included the daily precipitation, wind
speed, average temperature, and the lowest and highest temperatures.
Considering that the study area surface being snow covered for a long
time during winter, with the vegetation growth having stopped, it
greatly impacts the NDVI value. Therefore, only the NRB in spring,
summer, autumn, and vegetation growing season were studied.
According to the vegetation growth in NRB (Feng et al,, 2011), the
following categorizations were done: March-May as spring, June-
August as summer, September-November as autumn, and May-
October as the growing season of vegetation.

2 http://data.cma.cn/
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Methodology

SPEI drought indicator

Considering regional drought evaluation, due to the
different temporal and spatial scales, the selection of the
appropriate drought index also varies (Hao and Singh, 2015).
Among the droughts evaluation indices, the standardized
precipitation evapotranspiration index (SPEI) accounts for the
effects of precipitation and evapotranspiration. Since these
have the advantages of long-time scale and wide space, while
also being able to characterize the surface drought trend, they
have been widely used in drought research (Zhang et al,
2019b; Li et al., 2020). The SPEI was calculated using
precipitation and evapotranspiration, while rainfall was
measured at the rainfall stations. Penman-Monteith method,
which is widely used in related research, is used to calculate
evapotranspiration (Allen et al., 1998; Li et al., 2022b). The
SPEI calculation formula is as follows (Vicente-Serrano
et al., 2013):

Climate moisture balance ( D; ):

Dj = F - PET; (1)

where p; and PET; are the monthly precipitation and the
monthly potential evapotranspiration, respectively.
The set of D; on each time scale can be expressed as:

y-1
Dy = (P —PET,),n>y
i=0

where y and n indicates the monthly scale and the number of
calculations, respectively.

The log-logistic probability distribution with three parameters
was used to normalize the D; data sequence, and the SPEI
corresponding to each value was calculated using the
following formula:

B
a
F(x) = 1+[ ] (3)
xX—-y
The parameters a , B ,and y were calculated as follows:
wo — 2w
_(mczm) 1 ) 1 @
F(1+Jr(l—j
B B
Dy —
B= WL =Wy (5)
6w —wp — 6wy
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where T is the factorial function, and wy, wy;, wy are the
probability weighting moments of the data sequence.

1 Y s
we=—>(1-F)'D; (7)
Ni—l
i —0.35
Fi=ty (8)

where N indicates the number of months.
Finally, the cumulative probability density was standardized
as shown below:

P=1- F(x) )

When the cumulative probability P < 0.5:
W=J—21n(P) (10)

2
SPEL =W — co+aW +c o ; (11)

1+ diW +doW + dsW

When the cumulative probability P > 0.5:

w=J-2In(1-P) (12)
2

SPE[ =0 +aW +c (13)

L+ dW +doW + dy>

where ¢ is 2.515517, ¢; is 0.802853, ¢ is 0.010328, d; is
1.432788, d, is 0.189269, d3 is 0.001308. .

In this study, 1-, 3-, and 12-month scales of SPEI (SPEI-1,
SPEI-3, and SPEI-12) were used to represent the drought
conditions at different time scales in the NRB. SPEI-1 represents
drought on a short time scale, thereby reflecting subtle changes in
climate moisture during that month. SPEI-3 represents drought
on a medium time scale, thereby reflecting the climate and
moisture of the season. SPEI-12 means drought on a long-time
scale, thus reflecting the cumulative climate water balance
throughout the year. Therefore, SPEI can identify the effects of
different drought types (short-term, medium-term, and long-term
drought) on vegetation (Begueria et al., 2014; Zhang et al., 2017;
Gebremeskel Haile et al., 2020).
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The ANUSPLIN method was used to interpolate multi-scale
drought with longitude, latitude, and elevation. Compared with
the commonly used inverse distance weight and Kriging
interpolation methods, ANUSPLIN interpolation accounts for the
effects of other variables on meteorological factors, with the error
of result being smaller (Shi et al., 2021).

Correlation analysis

To understand the response relationship between vegetation
change and drought in NRB, the Pearson correlation analysis of
the same period effect and lagged period effect of NDVI and
SPEI was carried out, respectively (Ding et al., 2021). The value
of correlation coeflicient ‘7’ reflected the correlation between
vegetation and drought. When r was positive, it meant that they
were positively correlated, and vice versa. The greater the
absolute value of r was, the higher their correlation became
(Tong et al.,, 2017). When analyzing the same period effect of the
growing season, the correlation between NDVT and SPEI in each
month from May to October was analyzed. However, when
studying the seasonal same period effect, the correlations
between NDVI and SPEI during spring, summer and autumn
were analyzed, respectively. During the study of the annual same
period effect, the correlation between NDVI and SPEI was
analyzed; with the period having the highest coeflicient
considering that drought had the greatest impact on vegetation.
When analyzing the lagged period effect of the growing season,
the correlation between the monthly NDVI from May to October
and the monthly SPEI with the lag time from April to September
was analyzed. But when the seasonal lagged period effect was
studied, the correlation between the NDVT of spring, summer,
and autumn and the previous season SPEI was analyzed. During
the study of the annual lagged period effect, the annual scale
SPEI value corresponding to the annual NDVI and the previous
year lag time were analyzed. The period with the highest
coeflicient was considered having the greatest impact of drought
on vegetation.

Analysis of vegetation stability under
multi-scale drought

The coefficient of variation can represent the relative changes
of geographical data and reflect its stability. We define the
reciprocal of coefficient of variation as vegetation stability (Jiang
et al., 2015). The ratio of the mean value of NDVI to its standard
deviation during the entire study period, with larger value, the
stronger the stability (Wu et al., 2021). The drought resistance of
vegetation indicates the ability of vegetation structure and
function to maintain their original state during drought (Ivits
etal, 2016). Their drought resilience indicates the speed at which
they return to normal post drought stress (Van Ruijven and
Berendse, 2010). Each index has no unit and can be compared and
evaluated under different vegetation types. The formulae are
as follows:
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s= L (14)
Gy
o
C, = 15
" NDVI (15)
Re_Y (16)
|D-Y]|
M
- (17)
Q NDVI

where S is the vegetation stability index; C, is the coefficient
of variation of NDVT; ¢ is the standard deviation; NDVI is
the mean value of NDVT in all years; R is the resistance index;
Y is the mean value of NDVIin non-dry years; D is the NDVI
in dry years; Q is the resilience index, and M is the NDVI of
the driest year. With a higher resistance index, the reduction of
NDVI during the drought period was smaller. With a higher
resilience index, the disturbance of NDVI in the driest years was

lesser. Furthermore, with a higher index of resistance and
resilience, vegetation showed better stability and was lesser
affected by drought (Huang and Xia, 2019).

Results

The same period effect of drought on
NDVI

Response of NDVI to drought at different time
scales

The correlation of the same period effect between NDVI and
SPEI in the growing season of NRB varies greatly at different time
scales (Figure 2). Although NDVI and SPEI were positively
correlated, it began to decrease in July. The correlation between
them was the most significant in May (r=0.51, p <0.05), while
being the lowest in October (r=0.26, p>0.1). The proportion of
areas with positive correlation was >69%, with the largest and
smallest being in July (84.9%) and September (69.4%),
respectively.

During the study period, there were great differences in the
correlation between the seasonal and annual NDVT and SPEI in
NRB (Figure 3). There was a positive correlation between NDVI
and SPEI in annual, summer, and autumn, with a significant
positive correlation in summer (r=0.66, p<0.05), but no
significant negative correlation in spring (r=-0.11, p>0.1). In
terms of positive correlation area percentage, the proportion was
the largest and smallest in summer (85.9%) and spring (47.1%),
respectively.
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Correlations and area percentage of positive correlations
between NDVI and SPEI at the same period effect of seasonal
and annual scales.

Spatial distributions of the same period effects
of drought on NDVI

The spatial distribution of same periodical response between
vegetation change and drought in NRB showed that the proportion
of regions with positive correlation between NDVI and SPEI in
each month of the vegetation growing season was >70% (Figure 2).
The relatively large area of significant positive correlation between
NDVTI and SPEI happened in May (16.9%), June (15.3%) and July
(22.4%; Table 1). Additionally, they are mainly distributed in some
areas of Hulun Buir, Heihe, Hinggan League, Tongliao, Daging,
and Suihua in the NRB (Figure 4).

From the spatial distribution at seasonal and annual scales, the
significant positive correlation between NDVI and SPEI occurred
in summer, mainly in some areas in the south of the NRB
(Figure 5B). The regional proportion of significant positive
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TABLE 1 The spatial area percentage of correlation between NDVI and
SPEI same period effect.

Area percentage of  Area percentage of

Times significant positive negative correlation
correlation (%) (%)
May 16.9 24.1
June 15.3 15.1
July 224 245
August 132 225
September 10.2 30.4
October 7.8 28.0
Spring 4.6 52.9
Summer 433 14.1
Autumn 18.3 39.3
Annual 25.0 16.4

correlation was the smallest in spring, and was mainly distributed
in Hinggan League in the southwest of the NRB (Figure 5A). The
largest proportion of negative correlation between NDVI and
SPEI occurred in spring, and was mainly in the northwest of the
NRB (Figure 5A).

The lagged period effect of drought on
NDVI

Response of NDVI to drought at different time
scales

The correlation between NDVI and lagging SPEI varied
greatly in each month of the vegetation growing season in the
NRB (Figure 6). There was no significant negative correlation
between NDVI in May and SPEI in April (r=-0.19, p>0.1), but
we observed positive correlation in other months, among which,
the correlation between NDVT in October and SPEI in September
was the most significant (r=0.73, p<0.01). The positive correlation
area between NDVI and their correspondingly lagged SPEI from
June to October was >68%, with the positive correlation area
between June NDVI and May SPEI being the largest (90.9%).

The lagged response of vegetation to drought in NRB varied
greatly on seasonal and annual scales (Figure 7). Although there
was no significant negative correlation between spring NDVI and
winter SPEI in the previous year (r=—0.36, p>0.1), autumn NDVI
and summer SPEI were positively correlated (r=0.47, p<0.05). In
terms of the percentage of positive correlation area between NDVI
and SPEI, we found that the positive correlation area between
summer, autumn, and annual NDVT and corresponding lagging
SPEI was >70%, with the positive correlation area between
summer NDVT and spring SPEI being the largest (84.2%).

Spatial distributions of the lagged period
effects of drought on NDVI

We observed great differences in the spatial distribution of
significant positive correlation between NDVI and their

frontiersin.org
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corresponding lagging SPEI in each month of the vegetation
growing season in NRB (Table 2; Figure 8). The significant positive
correlation between October NDVTI and September SPEI was the
largest, and was mainly distributed in the south and northeast of
the basin (Figure 8F). However, the significant positive correlation
between May NDVT and April SPEI was the smallest, which was
concentrated in the southeast of Heihe and the northeast of
Qiqgihar (Figure 8A). During each month of the vegetation
growing season, the area with a negative correlation of vegetation
growth status to drought in May was the largest, and was mainly
located in the northwest and southeast of the basin (Figure 8A).
Furthermore, the area proportion of negative correlation of the
vegetation’s lagged response to drought was the smallest in June,
and was scattered in the north of the basin (Figure 8B).

In terms of seasonal and annual scales, the proportion of
regions with significant positive correlation of vegetation growth
status to the lagged drought response in NRB was very small
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(0.9% ~20.8%)(Table 2). The autumn vegetation NDVI was
positively correlated with the largest areas having the summer
SPEI, and was mainly distributed in Baicheng, Songyuan, and
Hinggan League in the southeast of the basin and Qiqihar and
Dagqing in the middle of the basin (Figure 9¢). The proportion of
the spring NDVT negatively correlation with SPEI in the previous
winter was the largest, and it was widely distributed in the north
and middle of the basin (Figure 9A).

Vegetation stability under multi-scale
drought

During the study period, the overall level of vegetation stability
in the NRB was higher. The area with a stability index >10 was
relatively large, with the area having relatively low vegetation
stability being mainly distributed at the junction of Baicheng,
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Correlations and area percentage of positive correlations
between the NDVI and SPEI lagged period effect at the monthly
scale.

Dagqing, and Hinggan League in the southeast of the basin, which
accounted for 21.42% of the area (Table 3; Figure 10A). The
resistance of vegetation to drought showed a large spatial difference,
and the stronger areas were mainly distributed in the north and
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TABLE 2 The spatial area percentage of correlation between NDVI
and SPEI lagged period effect.

Area percentage of  Area percentage of

Times significant positive negative correlation
correlation (%) (%)
May 32 54.8
June 219 9.1
July 26.2 16.3
August 30.4 28.3
September 16.6 31.3
October 39.7 19.4
Spring 0.9 69.8
Summer 6.5 15.8
Autumn 20.8 26.2
Annual 15.0 21.8

southeast of the basin, which accounted for 67.95% of the area.
Furthermore, we found the weaker areas were mainly distributed
in Hulun Buir in the west of the basin, which accounted for 32.05%
of the total area (Table. 3; Figure. 10B). The strong drought
resilience of vegetation was mainly distributed in the central and
eastern part of the basin, thereby accounted for 43.97% of the area,
whereas the weaker area was mainly distributed in the south of the
basin, and it accounted for 1.82% of the area (Table. 3; Figure 10c).

According to the utilization types of vegetation, the forest
stability in the NRB was the highest, while those of saline-alkali
soil and water body were the lowest (Figure 11). Considering the
drought resistance of vegetation, it was the strongest cultivated
vegetation and building land, followed by grassland and forest.
There was no significant difference in the drought resilience of
different vegetation use types in the NRB. However, we observed
relatively high drought resilience in the wetland vegetation, forest
and cultivated vegetation, while there was poor drought resilience
is the grassland and saline-alkali soil (Figure 11).
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Discussion caused by drought has significantly affected the ecological
environment and human society of the high-latitude basin.
Response of vegetation growth to Our study found that during the early and middle stages of
multi-scale d rought vegetation growth (May-July), the areas with significant positive
correlation between NDVT and SPEI of the same period effects
The semi-arid boundary of Northeast China has gradually were mainly distributed in the north and southwest of the basin
moved to the southeast (Zhao and Wu, 2014b), with the drought (Figure 4), thus indicating that drought in these areas would fairly
trend becoming increasingly serious (Zhao et al., 2020b). The inhibit the vegetation growth. Combined with the distribution of
NRB is located in the central and western part of Northeast China, the vegetation types in the NRB, the saline-alkali land, grassland,
at the junction of semi-arid and semi-humid areas. Due to the and cultivated vegetation were greatly limited by both water and
increase in temperature, the decrease in precipitation, and the man-made conditions (Xu et al.,, 2018), and were also easily
increase in evaporation, the climate tends to be arid, with the affected by drought. Waters and wetlands are important in
frequent occurrence of droughts (Qi et al.,, 2021), ultimately regulating the regional microclimate, with vegetation having a
resulting in salinization and crop yield reduction in most of the strong ability to adapt to drought conditions (Liu et al., 2021), thus
land in the basin (Zhao and Wu, 2014a). Additionally, with the making them less affected by drought. Most of the regional
increase of extreme events like high temperature and drought, the vegetation types with weak positive correlation and negative
wetland vegetation has evolved into the semi-arid vegetation type correlation were located in the forest zone of the Greater Khingan
in the basin. This meant that the dynamic vegetation change Mountains (Figures 4, 5), with the forest ecological environment
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being relatively stable. Moreover, their root system can extend to
the deep soil layer containing greater more water content, to
absorb more water under low external water conditions (Davidson
et al., 2000). Therefore, the changes caused by drought had the
least impact on the forest. Some studies have found that the
drought trend increased in the NRB (Zhang et al., 2019a), with
some areas showing negative correlation possibly due to the early
drought-like conditions stimulating their adaptation potential
(Bose et al,, 2020), which ultimately mitigates the negative effect
of stronger drought conditions on NDVI. Additionally, the spring
vegetation was in their early stage of growth, especially in
Northeast China, where most of the natural vegetation does not
begin to grow until late May (Sun et al., 2013). Furthermore,
although the vegetation coverage was also relatively low, possibly
due to the relatively small negative correlation area between NDVI
and SPEI in the high-latitude basin (Fan et al, 2015), this
relationship may change with the advance of the green period of
natural vegetation.

Similar to the same period effect, the vegetation had a lagged
period response to drought in the NRB. The areas with significant
positive correlation between NDVI and the lagging SPEI in each
month of the vegetation growing season were mainly distributed
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TABLE 3 The spatial area percentage of stability, resistance, and
resilience.

The Proportion of
Index Classification ~ number of o
pixels area (%)

Stability <5 4,817 1.66
5-10 57,470 19.76

10-15 115,921 39.86

15-20 81,679 28.08

20-25 26,192 9.01

>25 4,755 1.63

Resistance <0 92,764 31.90
0-0.1 46 0.02

0.1-1.0 387 0.13

1.0-10 73,422 2525

10-20 83,372 28.66

>20 40,843 14.04

Resilience <0.7 1,045 0.36
0.7-0.8 4,257 1.46

0.8-0.9 36,997 12.72

0.9-1.0 120,657 4149

1.0-1.1 117,102 40.26

>1.1 10,776 371

in the grasslands, saline land, and building land in the southwest
and central and eastern parts of the basin (Figure 8). The
vegetation types in these areas may be affected by both natural
environment and strong man-made disturbance (Finger et al,
2013), thus causing the vegetation in this area to be affected by the
delayed drought for about 1 month during the vegetation growing
period. The areas with insignificant positive correlation mainly
included cultivated vegetation, water areas, and wetlands, where
the cultivated vegetation was positively affected by human
activities (Wang et al., 2022b), and the water areas and wetlands
play an important hydrological role in the landscape, thus helping
reduce the drought impact (Endter-Wada et al., 2020). Therefore,
this shows that the lag effect of drought had little effect on the
growth of vegetation in the above-mentioned areas. The areas
showing negative correlation were mainly distributed in the
forests in the northwest of the basin (Figures 8, 9), which may
be due to the well-developed roots of the forest vegetation, which
can absorb water from the deep soil, along with the ability of
leaves of some trees of storing water (Pritzkow et al., 2021). Since
the lack of surface water caused by meteorological drought has
little effect on it, the response of this region to lagging drought was
weak, which was similar to the effect of the same period. The
significant positive correlation area between autumn NDVI and
summer SPEI was the largest, and was mainly distributed in the
northeast (Baicheng, Songyuan, and Hinggan League) and the
central (Qiqihar and Daging) regions of the NRB. This indicates
that the summer drought in the above-mentioned areas may
inhibit the vegetation growth during autumn, which leads to
insufficient water demand of autumn crops during their mature
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stage (Ramadas and Govindaraju, 2015), ultimately affecting the
yield of crops.

Stability of vegetation under multi-scale
drought

The vegetation growth is the key factor affecting the ecological
environment quality of the whole basin, and is related to the
natural environment of the basin and the development of human
society and economy (Jiang et al., 2016). Especially under the
significant impact of human activities on the earths surface
ecological environment, drought has evolved into a “natural-
human” compound disaster (Mishra et al., 2021). Therefore, under
the dual influence of the natural environment and anthropogenic
activities, the assessment of vegetation stability and its resistance
and resilience to drought in the NRB will be highly significant in
the understanding the degradation and restoration of vegetation
caused by drought in the future (Ye et al., 2020).

Our study found that the vegetation-induced drought
resistance of the cultivated vegetation and building land was the
strongest in the NRB (Figure 11), which may be due to the positive
impact of human management measures on these two types of
land use (Abi et al., 2019; Grainger et al., 2021). The vegetation-
induced drought resistance of the grassland and forest was better.
While on the one hand, the reason for the better drought resistance
of grassland may be related to the type of grassland vegetation in
this area (Lei et al., 2020). However, on the other hand, the water
loss caused by meteorological drought had little influence on the
forest with a well-developed root system, which provides better
drought resistance (Pritzkow et al, 2021). Furthermore, the
drought resistance of vegetation in the water area was the weakest,
possibly related to the recent decrease of both the water area and
biodiversity (Ma et al., 2021). Generally, under the action of
drought, the forest has strong resistance and resilience, which
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provides it with the highest stability and makes it the least affected
by drought. The environmental adaptability of wetland vegetation
was good, especially in the recent years, since the state has greatly
promoted the protection of wetlands, along with an increase in the
area of wetlands in NRB during the research period (Chen et al.,
2020; Wu et al., 2020a), which has significantly promoted the
growth and development of the wetland vegetation. It is worth
noting that, although, the grassland has a certain degree of
drought resistance, its drought resilience was weak. Therefore,
under the dual effects of extreme drought years and man-made
negative disturbances (overgrazing, farmland reclamation, and
pandemic diseases), the difficulty and effect of grassland
restoration will be hampered to a great extent. Additionally, since
the grassland vegetation environment is related to the ecological
security barrier and the development of modern animal
husbandry (Zhang et al., 2021), the development of the grassland
ecosystem is very important.

Prospects and limitation

This study reasonably shows the spatio-temporal change in
the vegetations response characteristics to multi-time-scale
drought in the study area. The results provide a rationale behind
the vegetation protection strategy, vegetation response to climate
change, and agricultural water resources allocation in the high-
latitude watershed with “agriculture-wetland-forest” as the
compound ecosystem.

We found that drought has a great impact on the growth of
vegetation in the south of NRB, where there are large areas of
farmlands and wetlands. A large number of studies have shown
that the loss of natural wetlands is mainly caused by agricultural
cultivation (Johnston, 2013; Song et al., 2014). In the late 1990s
and early 2000s, large areas of natural wetlands were converted
into farmlands in Northeast China (Mao et al., 2018). And some
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Comparison of the vegetation stability, resistance, and resilience
among the different vegetation types. Different lowercase letters
indicate the statistical differences, p<0.05.

problems have also been found in wetland protection and
farmland management. For example, the irrigation of rice
cultivation has a great demand for water resources (Chen et al.,
2015). Additionally, due to the large areas of soil salinization, the
water supply of natural wetlands will face a great threat (Zhu et al.,
2016). The protection of natural wetlands and the adjustment of
agricultural structure need the continuous attention of the
government. Therefore, how to coordinate the relationship
between Chinas natural wetland conservation and stable
agricultural production will be an important part of sustainable
development in the future.

In this study, it is found that multi-scale drought has little
impact on the virgin forest in the northwest of NRB. However, the
global climate change not only directly affects the vegetation itself,
but also indirectly affects the forest ecosystem by changing
external environmental factors (McDowell et al., 2020). Forest, as
the largest carbon pool in terrestrial ecosystems, can mitigate the
impact of climate change through carbon sequestration (Meng
et al,, 2022). Compared with new forestations, existing forests
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were the main source of carbon sequestration efficiency. We can
take management measures such as fertilization, pest control,
forest regeneration, young forest tending, pruning, thinning,
harvesting mode selection and management of deadwood to
enhance the capacity of forests to further sequester CO2 in NRB
(Gao et al,, 2011; Cai et al,, 2022). One of the biggest hidden
dangers of primeval forests is fire. Previous studies have found that
climate warming would alter the fire status of forests by changing
fire source patterns and occurrence probabilities in the boreal
forests of Northeast China (Liu et al., 2012). In order to solve this
problem, deciduous tree species may be planted properly to
reduce the burn area (Huang et al., 2022). Furthermore, using
long-term remote sensing monitoring system to improve a fast
and effective early warning strategy in the high-frequency period
of drought (Pu et al, 2019). In summary, for the sustainable
development of the “agriculture-wetland-forest” complex
ecosystems, it also needs the close cooperation of all departments
to formulate effective protection strategies and establish lasting
management mechanisms according to different seasons in
different areas of the NRB.

However, there are still some shortcomings. Due to the
tardiness of meteorological data, the drought trend results
we obtained were less stable, making it necessary to expand the
study time period to further verify the extent of drought in the
NRB. We also discussed the impact of meteorological drought on
vegetation change, but the soil moisture situation was not clear.
Therefore, in the future research, we should combine
meteorological drought and hydrological drought to explore the
response mechanisms of vegetation change to drought.

Conclusion

In this study, using the NDVT and SPEI, we assessed the same
and lagged period effects of drought on the NRB with a typical
“agriculture-wetland-forest” integrated ecosystem at high
latitudes during 2000-2019. We also explored the stability of
vegetation under the action of drought. The main findings show
that: at the monthly scale, the area with significant positive
correlation between NDVI and SPEI was the largest in July, with
it being mainly in the south of the NRB. Furthermore, In
October, the area with significant positive correlation between
the lagged effect of NDVI and SPEI was the largest, which was
mainly distributed in the south and northeast of the NRB. At the
seasonal and annual scales, the area with significant positive
correlation between NDVT and SPEI was the largest in summer,
and was mainly in the middle and south of the NRB. Spring
NDVI showed the largest negative correlation to the lagged
response of SPEI in the previous winter, which was widely
distributed in the north and middle of the NRB. Under the action
of drought, the stability of the forest was the highest, the drought
resistance of the cultivated vegetation and building land was the
strongest, and the drought resilience of the grassland was the
worst in the NRB.
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