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Abstract

The Yellow River Delta (YRD) has been experiencing substantial climatic, hydrological, and
anthropogenic stresses, and a sound understanding of the regime shift in its hydroclimate—vegetation
system is of fundamental importance for maintaining the health and stability of its regional
ecosystems. This study constructs and analyzes a 34-year-dataset (1982—2015) of hydro—climatic
variables and satellite-based Normalized Difference Vegetation Index (NDVTI) in the YRD. A seasonal-
trend decomposition technique based on loess (STL), and a structural change analysis were coupled to
detect regime shifts of regional hydroclimate and vegetation in the YRD from 1982 through to 2015.
During this period the YRD exhibited a significant warmer—drier—greening trend and experienced
four regime shifts of its hydroclimate—vegetation system, with the four shift periods roughly centered
in 1989, 1998, 2004, and 2012. Partial correlation analysis revealed that temperature was the dominant
factor promoting vegetative growth in spring and autumn (all Pypyr.1em greater than 0.65), and
streamflow impacted the NDVI mainly in summer. Temperature and precipitation were the dominant
controls of vegetative growth during the growing season prior to 2002, and thereafter precipitation
and streamflow alternately became the main moisture-influencing factors of vegetative growth.
Streamflow played an important complementary role on vegetative growth, particularly in near
riverine areas when drought exceeds a certain threshold. Additionally, climate shifts determined the
changing trend of NDVT across the region, while the effect of land use change is localized and
predominant in the northeastern part of the study region. These findings offer an insight into
appropriate water regulation of the Yellow River and on climatic adaptation within the YRD.

1. Introduction

Understanding environmental change in river deltas is
especially important because they are among the
world’s most altered ecosystems, yet have high socio—
ecological interdependence and highly contested
resource management and allocation (Hagenlocher
et al 2018, Liu et al 2018a). The Yellow River Delta
(YRD) is one of the three largest deltas in China. It is
rich in natural resources and contains important
wetland ecosystems, providing important habitats for
rare and endangered bird species (Zhou et al 2015, Lu

et al 2016). In recent decades the hydrologic regime of
the YRD has been altered by dramatic climatic and
anthropogenic changes in the Yellow River Basin, thus
increasing the vulnerability of its deltaic system (Jiang
etal 2017). Notorious among the factors of change was
the construction of the Xiaolangdi Reservoir, which
intercepts streamflow and has reduced the water and
sediment discharging into the YRD (Wei et al 2016).
The resulting modifications to the YRD include
changes to its morphology, biodiversity, wetland land-
scape, and vegetation dynamics (Jiang et al 2013, Kong
etal2015,Huaetal 2016).

© 2020 The Author(s). Published by IOP Publishing Ltd
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Vegetation plays a central role in stabilizing the
Earth ecosystem and maintaining human environ-
ments (Zhu and Southworth 2013, Hu and Xia 2019,
Chu et al 2019). Vegetation dynamics constitute a sen-
sitive indicator for the status of ecosystems and are
closely related to climate change, hydrological regime,
and human activities (John et al 2013, Guo et al 2017,
Wen et al 2017). Thus, increasing attention is being
paid to detect the effect of hydroclimate on vegetation
status at various spatial and temporal scales (Koster
et al 2014, Xu et al 2017, Grof et al 2018). Yet, most
studies have focused on interpreting the vegetation
dynamics induced by changes of specific elements
(e.g., water conditions, hydrological disturbances,
temperature, and precipitation) (Jiapaer et al 2015, Shi
et al 2017). Less attention has been given to taking cli-
mate, hydrology, and vegetation as systems to analyze
their overall changes.

Climate, hydrology, and vegetation interact to
maintain system stability with varying degrees of
resistance/resilience, while internal gradual change
and external disturbances trigger ecosystems to cross
state thresholds with ensuing regime shifts (Harri-
son 1979, Walker and Salt 2006, Liu et al 2018D).
Meanwhile, the patterns of interactions would also
change radically with systemic regime shift and rapid
reconfiguration, and the new regime requires mod-
ifiled management goals and measures. Therefore, a
complete understanding of the regime shift of the
hydroclimate—vegetation system in the YRD, particu-
larly the distinct influence patterns of hydroclimate on
vegetation in different regimes, is of fundamental
importance for managers and policy makers.

This study relies on long-term time series data
(1982-2015) of hydro—climatic variables (temper-
ature, precipitation, and streamflow) and satellite-
based Normalized Difference Vegetation Index
(NDVI) to identify the regime shifts of the hydro-
climate—vegetation system in the Yellow River Delta.
Regime shift is herein defined as abrupt changes on the
mean levels of these variables. Our specific objectives
include: (1) detection of regime shift in the regional
hydroclimate—vegetation system within the YRD dur-
ing 1982-2015, and exploring the shift in influence
patterns of hydroclimate on vegetation dynamics; (2)
discerning the spatial variation of NDVI associated
with shifting regimes and assessing the impact of land
use changes on NDVI variation. The findings of this
study will contribute to the identification of effective
water resource management, and climatic adaptation
practices in the YRD.

2.Data and methods

2.1.Study area

The YRD is situated in the northern Shandong
Province in eastern China, facing the Bohai Sea in the
north and bordering Laizhou Bay in the east. The study
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area of this work is within Dongying City, which lies
between 37°16’ to 38°0’ N and 118°06’ to 119°18’ E,
encompassing an area of slightly more than 6,000 km?
(figure 1) and covering much of the YRD. The YRD
region is characterized by a warm—temperate, con-
tinental monsoonal climate with distinct seasons.
Annual average temperature ranges from 11.85 to
14.43 °C, and average annual precipitation equaled
530 mm during 1982-2015. The mean annual poten-
tial evaporation is greater than 1,500 mm, with annual
average ratio of potential evaporation to precipitation
equal to 3.22 (Liu et al 2018c). The terrain is gently
sloping, with most parts below 10 m in elevation above
mean sea level. The groundwater has an average depth
of 1.14 m below ground surface with a high degree of
mineralization (Fan et al 2012). As a result, the soil is
typically saline alluvial, with low nutrient content and
high salinity (Yu et al 2010). Most of the natural
vegetation in the area consists of salt tolerant herbs,
grasses, and shrubs. The dominant species include
Phragmites australis, Suaeda heteroptera, Tamarix chi-
nensis, Triarrhena sacchariflora, Myriophyllum spica-
tum, Limonium sinense (Jiang et al 2013).

2.2. Data sources and preprocessing

We relied on the GIMMS3g NDVI dataset to assess
vegetation dynamics of the YRD. The GIMMS3g is the
longest term NDVI dataset to date, derived from the
Advanced Very High Resolution Radiometer sensors
aboard the National Oceanographic and Atmospheric
Administration (NOAA) satellites. Despite its rela-
tively coarse spatial resolution these data correspond
well with data captured with higher resolution sensors
such as MODIS and SPOT (Fensholt et al 2006,
Fensholt and Proud 2012). The GIMMS3g data set is
therefore generally perceived as the most accurate
multi-decadal NDVI dataset (Ibrahim et al 2015,
Burrell et al 2017). The latest version of the GIMMS
NDVI3g.vl data, available at https://ecocast.arc.nasa.
gov/data/pub/gimms/3g.v1/, spans the period July
1981 through December 2015, with bi-weekly tem-
poral and 8 km spatial resolutions. Data from January
1982 through December 2015 were downloaded for
analysis. The bi-monthly data were converted to
monthly aggregates using the maximum value compo-
site method to minimize the influence of atmospheric
effects, scan angle, and cloud contamination (Hol-
ben 1986). The data corresponding to the spatial
extent of the study area were extracted separately and
the monthly NDVI dataset of the YRD during
1982-2015 was created in this manner.

The Gridded Dataset (0.5°x0.5°) of Monthly Sur-
face Precipitation of China (V2.0) and Gridded Data-
set (0.5° x 0.5°) of Monthly Surface Temperature of
China (V2.0), both with a long-time span from 1961 to
the present, were obtained from National Meteor-
ological Information Center of China (http://www.
nmic.cn/). Then the gridded data with good areal

2


https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/
https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1/
http://www.nmic.cn/
http://www.nmic.cn/
http://www.nmic.cn/
http://www.nmic.cn/

10P Publishing

Environ. Res. Lett. 15 (2020) 024017

coverage within the YRD were separately averaged and
formed a new dataset of monthly area-averaged pre-
cipitation (PRE) and temperature (TEM) of the YRD
during 1982-2015, which were used to analyze the cli-
mate changes in YRD and their relation with NDVI
variations.

The Lijin hydrological station, located approxi-
mately 100 km upstream from the river mouth
(figure 1), was the station in the YRD employed for
monitoring the water-sediment delivery characteristic
of the Yellow River. The monthly streamflow (STF)
data at the Lijin station during 1982-2015 were gath-
ered from the Yellow River Conservancy Commission.

Three land use datasets of China (1980, 2000, and
2015) with a spatial resolution of 1km x 1km were
obtained from the Resources and Environmental Sci-
ences Data Center, Chinese Academy of Sciences
(http://www.resdc.cn). Land uses were divided into
six categories, including cultivated land, forest, grass-
land, water bodies, built-up land, and unused land.
The land use sub-dataset of the YRD was separately
extracted to represent the evolution of land use in the
YRD during the study period.

2.3. Data analysis

2.3.1. Trend analysis

The overall trends of TEM, PRE, STF and NDVI
during 1982-2015 were first calculated using the non-
parametric Seasonal Kendall test (Hirsch and
Slack 1984), which is insensitive to seasonality, out-
liers, missing data, and non-normality of the time
series (Sarkkola et al 2009). The Sen Slope estimation
method was used to discover trends in the time series
within the seasonal Kendall test.

2.3.2. Regime shift detection
A seasonal-trend decomposition technique based on
loess (STL), and a structural change methodology were
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coupled to detect regime shifts of the regional hydro-
climate—vegetation system in the YRD from 1982
through 2015. The STL is a filtering procedure that
applies repeated loess fitting to decompose monthly
(or other duration) time series data into smoothed
trend, seasonal, and residual components (Cleveland
et al 1990, Stow et al 2015). The trend component
represents the long-term processes that operate over
the time period, which can contain abrupt system-
related changes (Lafare et al 2015), while the seasonal
fluctuation and shorter-term event related residuals
blur important movements and hinder the interpreta-
tion of a series. In this regard, the time series of TEM,
PRE, STF and NDVI were separately decomposed
using STL to extract trend component series, which
were, in turn, examined with a structural change
algorithm under the most commonly investigated
regime shift hypothesis, i.e., a step change in the mean
level (Andersen et al 2009). This methodology esti-
mates breakpoints and their associated confidence
intervals in ordinary least squares regression models
employing dynamic programming. The optimal posi-
tion of these breaks can be determined by minimizing
the residual sum of squares, and the optimal number
of breaks can be determined by minimizing the
Bayesian Information Criterion (Verbesselt et al
2010). The STL procedure and structural change
analysis were implemented in R software using the st
and breakpoints functions available in the Forecast and
Strucchange packages, respectively.

2.3.3. Correlation analysis between NDVI dynamics and
hydro—climatic factors

The hydro—climatic effects on regional vegetation state
tend to exhibit hysteresis (Piao et al 2014), and the
intervals between two breakpoints vary from three to
ten years according to regime shift detection results on
the four variables. Thus partial correlation analysis
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Table 1. Statistics of the Seasonal Kendall test for the
hydro—climatic variables and NDVT in the Yellow River
Delta during 1982-2015.

Zs p value Slope (unit/yr)
TEM 7.291 0.0000** 0.040 °C
PRE 0.424 0.6718 0.011 mm
STF —2.44 0.0147* —1.11 x 10’m*

NDVI 7.712 0.0001"" 0.0012

Zg: standardized normal variate; Slope: annual rate of
change; ™" significance at 1%; * significance at 5%.

was performed between NDVI and either TEM, PRE,
and STF when the other two were fixed, employing a
five-year moving window (e.g., the partial correlation
coefficient of the year 2005 represents a moving
window from 2003 to 2007) (Chu et al 2019). Observed
data were used to calculate their correlations in spring
(March—-May), summer (June—August), and autumn
(September—November). Since seasonality introduces
pseudo-correlation between environmental variables
due to synchronous climate conditions, the correla-
tion analysis in the growing season (April-October) is
based on the trend component.
The method of analysis is shown in figure 2.

3. Results

3.1. Long-term trends and regime shifts of
hydroclimatic variablesand NDVI

Seasonal Kendall test results show that areally averaged
temperature exhibited significant increasing trends (at
arate of 0.040 °Cyr ', p < 0.01), while no significant
trend was revealed for the precipitation during
1982-2015 (table 1). The Yellow River streamflow at
the Lijin hydrological station experienced a remark-
able decrease (at a rate of —1.11 x 10’ m’ yr_l,
p < 0.05). Besides this, a significant increasing trend

of mean NDVT at a rate of 0.0012/yr (p < 0.01) was
observed. On balance, the YRD presented a warmer—
drier—greening trend during the study period.

The STL-decomposed trend series provides a
more detailed display of temporal changes
(figure 3(b)). Specifically, the temperature trend
component rose in variability, and went through seven
regimes with six breakpoints. During the first three
phases, the average level gradually increased by about 2
°C, from 11.97 °C (January 1982—April 1988) through
to 14.05 °C (June 1997-June 2002). It then fluctuated
between 13.02 °C and 14.32 °C during the latter four
phases. Despite no significant monotonic trend detec-
ted in the precipitation series the STL trend changes in
the sub-series are evident, uncovering the transitions
between precipitation states. Five breakpoints with six
regimes were detected with alternate high—low levels
corresponding to wet—dry transitional features. The
trend of streamflow at the Lijin station displayed con-
tinuous reduction until the year 2003, when it began to
recover. Specifically, the average annual streamflow
declined from 3.31 x 10° m® to 4.5 x 10* m® during
the first four phases, then it rebounded and remained
at a level equal to 1.60 x 10° m’ with slight oscilla-
tions. Concerning vegetation dynamics, the NDVI
underwent five breakpoints defining six regimes
(figure 3(b)). The average NDVI increased from
0.2463 (January 1982-May 1985) to 0.2946 (May
1999-August 2005), and after a temporary decline in
phase IV, it ascended and reached a mean level equal
t0 0.3115 during September 2005-August 2012.

3.2. Correlation of NDVI dynamics and hydro—
climatic factors

The NDVI correlated differently with temperature,
precipitation, and streamflow, with obvious seasonal
differences (figure 4). Notably, positive correlations
between temperature and NDVI were detected for
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almost all three seasons during the study period.
Especially in spring and autumn, all partial correla-
tions between the NDVI and temperature
(PnpviteMm) values were larger than 0.65 (p < 0.05),
which confirmed temperature is the dominant factor
promoting vegetative growth in these two seasons in
the YRD. By comparison, correlation between pre-
cipitation and NDVI alternated between positive and
negative values in different phases, with significant
Pnpvi_pre only exhibited in particular short periods of

each season, namely, positive during spring of
1997-1999, positive in summer 2004 and 2008-2011,
and negative in the autumn of 1998-2001. It was
determined that precipitation in spring during
1997-1999 (average 18.33 mm during the corresp-
onding period 1995-2001) was clearly lower than the
long-term mean seasonal value (average equal to
26.67 mm). This means precipitation in spring would
be a major limiting factor of vegetative growth when it
falls below a certain threshold. Streamflow impacted
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the NDVI mainly in summer, and the partial correla-
tion coefficient between the NDVI and streamflow
(Pnpvi_sTr) was higher than the partial correlation
coefficient between the NDVI and precipitation
(Pnpvi_pre) before about 1998; thereafter it became
negative. It is herein concluded the relative large
Yellow River streamflow before the construction of
the Xiaolangdi Reservoir contributed to groundwater
recharge and soil moisture to promote vegetative
growth in spite of high evaporation. This pivotal role
waned as a large quantity of streamflow was withheld
by the reservoir.

During the growing season (figure 4) the
Pypvitem first increased from negative to positive
and remained significantly positive (p < 0.05) during
1992-2003, with a continued rise during 2008-2010,
and then became negative thereafter. The overall trend
of Pypvipre Was generally similar to that of the
Pnpvitems Whereas Pypyr_ste was almost negative
during the study period, except during three short per-
iods (1986-1988, 2003-2005, and 2011-2013). In gen-
eral, temperature and precipitation were the major
and significant positive factors on vegetative growth,
with streamflow mainly exerting a negative effect
before about 2002. Thereafter the relatively stable rela-
tion was broken down.

3.3. Spatial variation of the NDVI and land use
changes

3.3.1. Spatial pattern of NDVI changes through six shift
regimes

Figure 5 depicts the spatial difference pattern of the
annual-average NDVI between two sequential phases
through the detected six regimes (Phases I-VI).
Compared with Phase I (1982-1985) the increased
NDVI in Phase II (1986—1990) occurred mainly in the
southern part of the study area (figure 5(D1)). In Phase
II (1991-1998), 96% of the study area exhibited
enhanced NDVI, with larger increments (>0.02)
mainly occurring in the riparian zone and central-
north area (figure 5(D2)). During 1999-2005 (Phase
IV) vegetation declined over most (82.4%, see
figure 5(D3)) of the YRD. It recovered most along
riparian zone of the Yellow River and the northern
part of the study area during 2006-2012 (Phase V)
(figure 5(D4)), followed by another widespread NDVI
reduction in Phase VI (2013-2015) (figure 5(D5)).
Generally, the NDVI varied in most parts of the YRD
in the same sense (increasing or decreasing) through
sequential phases due to similar hydroclimatic condi-
tions, which caused shifts in the vegetative state.
Observed anomalies in the NDVI might be caused by
soil salinization induced by seawater intrusion and by
land use/cover changes.
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Table 2. Land use distribution within the study area in
1980, 2000, and 2015.

Area (km?)

Type

1980 2000 2015
Paddy fields 170 221 209
Dry farmland 2264 2496 3063
Forest 20 22 43
Grassland 933 1088 518
Vegetation area 3387 3827 3833
Water 770 527 592
Built-up land 583 849 1016
Saline land 953 592 374
Unused land 137 161 139
Non-vegetation area 2443 2129 2121

3.3.2. Land use changes and its impact on NDVI
variation

During 1980-2015 the vegetative coverage area in the
YRD increased by 13.17%, where dry farmland was the
primary land use type accounting for 38.83% of the
study area in 1980, and for 51.44% in 2015 (table 2).
Built-up land was the fastest growing land use type
(increasing rate of 74.27%), yet its total area was about
one third of that occupied by dry farmland in 2015.
The increase in farmland mainly accrued from conver-
sion of grassland and saline land. In a spatial sense the
increment of vegetated area occurred mainly in the
north-eastern part of the study area, most of it along
the estuarine wetland and coastline during 1980-2000
(figure 6(a)). During 2000-2015 farmland increased
rapidly mainly in the northeastern part of the study
area (figure 6(b)). The observed increase in NDVI is
confined to the northeastern part of the study area,
with a minor increase of NDVT along the Yellow River.
This means the direct effect of land use change on
regional vegetation is more local in the YRD compared
to hydroclimatic influences. The large expansion in
farmland was a major contributor to the regional
increase of the NDVI. Compared to grassland and
saline land farmland can increase the maximum value
of the growing-season NDVI at sites with good
management measures (Jiang et al 2013).

4. Discussion

4.1. Regime shift of the hydroclimate-vegetation
system in the Yellow River Delta

The breakpoints of the four STL-decomposed trends
indicate there existed four relative uniform transition
periods of the hydro—climatic variables and NDVI
(figure 3(b), pink strip covered periods), which are
roughly centered on the years 1989, 1998, 2004, and
2012.Itis concluded the YRD experienced four regime
shifts in its hydroclimate—vegetation system during
1982-2015. At the regional scale TEM, PRE, and
NDVIincreased from 1980s through 1990s, indicating
the YRD experienced warmer—wetter climate and
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lusher vegetation. TEM increased by 1.04°C after 1998
while PRE and STF declined sharply, causing warmer—
dryer conditions. Therefore, the NDVI declined
mainly due to increased high-temperature induced
evaporation and less water replenishment from pre-
cipitation and streamflow. During the third transition
period TEM decreased and PRE increased, coupled
with significantly improved streamflow caused by
water replenishment. This constitutes suitable envir-
onmental conditions favoring continuous recovery of
vegetation. In 2012 the hydroclimate—vegetation sys-
tem exhibited a similar pattern to that of the second
transition period in 1998.

Regime shift occurrence is expected to increase as
human influence on earth increases, including
human-induced climate change and hydrologic
change. Regime shift in temperature and precipitation
within the YRD occurred once every 7-10 years before
2000; thereafter, the occurrence increased to once
every 3-5 years (figure 3). By comparison, streamflow
has been varying at a relative high frequency of once
per 46 years during 1982-2015, due to continuous
external pressures (e.g. reduction of the source water,
increased water consumption, and hydrological reg-
ulation; more details are provided in the supplemen-
tary material). Vegetation dynamics in the YRD reflect
the integrated environmental changes including
hydroclimate changes and human-induced changes
on land use/cover, groundwater storage, and soil
properties. As a result, the duration of each NDVI
regime varied in a larger range of 4-9 years.

4.2. Shift in the influence of hydroclimatic variables
onthe NDVI

Influences of hydroclimate on vegetation growth can
shift and be positive or negative, depending on their
relative status. For example, increasing temperatures
in temperature-limited ecosystems can first support
vegetation growth that results in greening NDVI
trends, while a further warming can induce drought
stress that slightly turns the initial greening to a
browning trend (Forkel et al 2013). During the first
shift period (around 1989), precipitation contributed
more (Pypyi_pre >0.82, p < 0.01) than temperature
(no significant Pypy_tEym) to the increment of NDVL
The streamflow began to exhibit significant negative
impact (—0.81 < Pypvrpre < —0.50), particularly
in spring seasons of the period 1990-1998, despite not
being statistically significant (figure 4). After the
second shift period (about 1998), the positive role of
precipitation weakened substantially due to its sub-
stantial decline (figure 3(b), monthly average rainfall
of the third regime declined by 15.11 mm compared to
that of the previous regime). Rising regional temper-
ature and reduced rainfall constitute major factors
limiting vegetation growth in spring and autumn
(figure 4). Streamflow has been drastically reduced due
to reservoir construction. Nevertheless, streamflow
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began to play an important role on vegetative water
procurement via discharge to groundwater in spring
and autumn. The rapid short-term fluctuations of
temperature and precipitation during the third shift
period (around 2004) cause their influence on the
NDVI to shift between positive and negative. The
enhanced streamflow contributes largely to the green-
ing trend (Pnpviste = 0.81), while there was a
significant negative effect due to the drastic reduction
of precipitation (~ —0.70). The last regime after the
fourth shift period experienced an extreme drought
condition exceeding the threshold of vegetation
growth for hydrothermal conditions, which stems
from the negative effects of temperature and precipita-
tion. Again, streamflow played a central role in
maintaining vegetation growth.

Temperature is the dominant factor on vegetation
growth in the YRD where the significant increasing
spring and winter temperatures account for the
lengthening of the growing season and enhancement
of photosynthesis, and prompted the greening trend
(Piao et al 2014). Precipitation is a limiting factor,
whose effect on vegetation depends on the variation of
temperature. The short-term extreme drought event
(around 1998, 2005, and 2012) is likely to cause the
negative effect of precipitation on vegetation due to
the insufficient rainfall relative to high temperature.
Streamflow is either a limiting or complementary fac-
tor. The extreme low streamflow in spring (3.48 x 10°
during 1992-1996 corresponding to the last and first
years of the five-year windows indicated by 1990 and
1998, respectively) could cause groundwater to dis-
charge to the river. Furthermore, depleted ground-
water induced seawater intrusion and accelerated
salinization of groundwater (Fan et al 2012). Low
streamflow and groundwater depletion seriously
endangered the health of the regional vegetation and

ecosystem. Streamflow may act as an important water
supply factor for vegetation growth when the drought
extent of regional climate exceeds a threshold in the
YRD. The threshold varies across different regime
states depending on the relative status of temperature,
precipitation, and evapotranspiration. The manner in
which hydroclimate variables may coalesce to deter-
mine such threshold calls for further studies to guide
water use within the Yellow River Basin.

4.3. Implications of environmental system shifts in
larger regions

Satellite data indicate increasing greenness over the
Earth’s lands since the early 1980s, with greening in
China being the most notable, mainly occuring in the
eastern region (Chen et al 2019). The greening of the
Central Plains region of China is mainly contributed
by cropland, which confirms our results that the
expansion of farmland was a major contributor to the
regional increase of the NDVI in YRD. Looking at a
wider region—the lower Yellow River Basin (figure S1
is available as part of the online supplementary
material, at stacks.iop.org/ERL/15/024017 /mmedia)
—similar trends in regional average TEM (significant
increasing at a rate of 0.03 °Cyr '), PRE (no signifi-
cant trend), and NDVI (significant increasing at a rate
0f0.002/yr) were detected. Regarding the regime shifts
breakpoints of the STL-decomposed trends of TEM,
PRE and NDVI during 1982-2015 are not always in
agreement or synchronous, yet, there are three uni-
form transition periods (roughly centered on the years
1998, 2003, and 2012) (figure S2). We can infer that
the larger the region, the more widespread the
disturbances (e.g., different climate change zones, land
type changes, etc); therefore, it is difficult to identify a
unified regime shift. After 2005 the YRD and the lower
Yellow River Basin exhibited a significant increase in
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NDVI driven by increased cropland, and by the water—
sediment regulation scheme by the Yellow River
Conservancy Commission. A more detailed and
flexible regulation scheme is urgently needed to
guarantee social and ecological sustainability, hence,
we suggest developing a real-time scenario model to
guide water—sediment regulation. Specifically, based
on the state of the system and climatic conditions the
water demand of downstream crops, plants, wetlands,
economic production, and urban use must be
accounted for to lead to a scientific basis for real-time
river water regulation and supply.

5. Conclusion

This study has assessed the regime shifts of the regional
hydroclimate—vegetation system in the Yellow River
Delta (YRD). Our findings indicate the YRD featured a
significant warmer—drier—greening trend during
1982-2015. Four relative uniform shift periods of
regional temperature, precipitation, streamflow and
NDVI series, roughly centered in 1989, 1998, 2004,
and 2012, respectively, were identified establishing
that the YRD experienced four regime shifts of its
hydroclimate—vegetation system during 1982-2015.

Temperature was the dominant factor promoting
seasonal vegetative growth in spring and autumn (all
PnpviTeMm Were greater than 0.65), and streamflow
impacted the NDVI mainly in summer. Temperature
and precipitation were the dominant interannual con-
trols on vegetative growth in the growing season
before 2002. Subsequently, precipitation and stream-
flow alternately became the main moisture influen-
cing factors on vegetative growth. Streamflow played
an important complementary role on vegetation when
the drought extent exceeds a certain threshold in the
YRD. Moreover, the climate state shift determined the
spatial changes of NDVI. Streamflow mainly con-
tributed to vegetative growth in the riparian zone.
Land use change plays a positive role in the north-
eastern part of the study region, where the vegetated
area increased the most. The results of this paper
improve our understanding of regime shifts of the
hydroclimate—vegetation system of the YRD during
the past 34 years, and the role of streamflow on the
regional environmental system. This improved under-
standing could assist water management and climatic
adaptation in the YRD.
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