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Abstract

Net primary production (NPP) is a key parameter of carbon cycle and energy
flow in terrestrial ecosystems that characterizes ecosystem quality. Based on
MOD13A1, MCD12Q1, TERRACLIMATE, and other datasets from 2001-2019,
the CASA model was used to estimate the spatiotemporal variation trend of
natural vegetation NPP in the lower reaches of the Tarim River under ecolog-
ical water conveyance conditions over the past 20 years. Through Slope trend
analysis and Pearson correlation analysis, the influence of the ecological wa-
ter conveyance project on the growth status of natural vegetation in the lower
Tarim River was analyzed from the perspectives of spatiotemporal distribution,
different vegetation types, and different cumulative water conveyance volumes.
The results indicate: (1) Over the past 20 years, natural vegetation NPP in the
lower Tarim River has exhibited an overall upward trend, with areas showing ex-
tremely significant and significant increases accounting for 31.93% (P<0.01) and
11.49% (P<0.05) of the total area, respectively, and the average increase rate
was 0.40 g C m-2 a-1. (2) In the transverse direction, natural vegetation NPP in
the lower Tarim River decreases with increasing distance from the river channel;
in the longitudinal direction, from upstream to downstream along the river chan-
nel, natural vegetation NPP displays the following pattern: upper section (28.21
g C m-2) > middle section (18.70 g C m-2) > lower section (13.55 g C m-2). (3)
Regarding NPP across different vegetation types, the ranking is: Tamarix com-
munity (57.37 ¢ C m-2) > Populus euphratica community (29.29 ¢ C m-2) >
herbaceous community (23.23 g C m-2), with the Tamarix community also show-
ing the largest NPP increase during the ecological water conveyance process at
350.20%. (4) Both groundwater depth and natural vegetation NPP are signifi-
cantly correlated with the cumulative 3-year ecological water conveyance volume,
with correlation coefficients of -0.70 (P<0.01) and 0.62 (P<0.01), respectively;
the correlation between total annual water conveyance volume and groundwater
depth in the following year is significantly higher than that with groundwater
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depth in the current year; furthermore, as groundwater depth continuously and
stably recovered, the correlation between natural vegetation NPP and ground-
water depth also significantly strengthened during 2010-2019 (R2=0.62).
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Abstract

Vegetation net primary production (NPP) is a key parameter of the carbon cycle
and energy flow in terrestrial ecosystems that characterizes ecosystem quality.
Based on the CASA model, this study estimated the spatiotemporal variations
of natural vegetation NPP in the lower reaches of the Tarim River under eco-
logical water conveyance conditions over the past 20 years. Using slope trend
analysis and Pearson correlation analysis, we examined the impacts of ecological
water conveyance projects on natural vegetation growth from three perspectives:
spatiotemporal distribution, different vegetation types, and cumulative water
transfer volumes. The results show that: (1) The NPP of natural vegetation in
the lower reaches of the Tarim River showed an overall upward trend, with areas
of extremely significant increase, significant increase, and insignificant change
accounting for 31.93% (P<0.01), 11.49% (P<0.05), and 52.03% of the total area,
respectively. (2) Horizontally, NPP decreased with increasing distance from the
river channel, following the pattern: 0-1000 m > 1000-2000 m > 2000-10000 m.
Longitudinally, from upstream to downstream, NPP generally increased, with
average growth rates of 28.21 g C+-m™2, 18.70 g C-m~2, and 13.55 g C-m 2
in the upper, middle, and lower sections, respectively. (3) Among vegetation
types, NPP values ranked as: tamarisk community (57.37 ¢ C-m~2) > Populus
euphratica community (29.29 ¢ C - m~2) > herbaceous community (23.23 g C -
m~2), with the tamarisk community showing the largest increase (350.20%) dur-
ing ecological water conveyance. (4) Groundwater depth and natural vegetation
NPP were significantly correlated with cumulative ecological water volume over
three years, with correlation coefficients of -0.70 (P<0.01) and 0.62 (P<0.01), re-
spectively. The correlation between annual water conveyance and groundwater
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depth in the following year was significantly higher than that with the current
year’ s groundwater depth. Moreover, as groundwater depth continued to rise
stably, the correlation between NPP and groundwater depth strengthened sig-
nificantly (R?=0.62). This study systematically analyzes NPP variations in the
lower Tarim River since the implementation of ecological water conveyance and
provides scientific guidance for future water conveyance and ecological restora-
tion efforts.

Keywords: inland river basins; groundwater depth; CASA model; desert ri-
parian forest

1.2 Data Sources

Natural vegetation NPP in this study was calculated using the Google
Earth Engine (GEE) platform. MODI13A1 and MCD12Q1 data products
were employed, with the Normalized Difference Vegetation Index (NDVI)
data having been corrected for atmospheric gases, thin clouds, and aerosol
effects at a temporal resolution of 16 days and spatial resolution of 500
m$ x500m. Landsat5imagerywithcloudcoverlessthan10x$0.1° and temporal
resolution of one month. Water conveyance data for the lower Tarim River were
provided by the Tarim River Basin Authority. Groundwater depth data came
from monitoring by our research team and the Tarim River Basin Authority
at nine cross-sections: Akedun, Yahepumahan, Yingsu, Abudale, Kaerdayi,
Tugemailai, Alagan, Yiganbujima, and Kaogan (Figure 1). Land use data were
obtained from the Western Environmental Science Data Center at a scale of
1:100000.

Note: This map is based on the standard map downloaded from the Stan-
dard Map Service website of Xinjiang Uygur Autonomous Region Surveying
and Mapping Geographic Information Bureau (Approval No.: Xin S (2019)
No. 022), with no modifications to the base map. Letters in the figure represent
the distribution of groundwater and ecological monitoring sections.

[Figure 1: see original paper]

1.3.1 CASA Model

This study employed the widely used Carnegie-Ames-Stanford Approach
(CASA) model to estimate NPP of the lower Tarim River vegetation from
2000 to 2019. NPP depends primarily on absorbed photosynthetically active
radiation (APAR) and light use efficiency (). The calculation formula is as
follows:

NPP(xz,t) = APAR(z,t) x e(x,t)

where z represents the pixel, and ¢ represents the time period (month).
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The APAR calculation formula is:

APAR(z,t) = SOL(x,t) x FPAR(z,t) x 0.5

where SOL(z,t) is the total solar radiation, FPAR(x,t) is the proportion of
photosynthetically active radiation absorbed by vegetation, and the constant
0.5 represents the fraction of solar effective radiation that vegetation can absorb
relative to total solar radiation.

Light use efficiency e characterizes photosynthetic production efficiency and is
calculated as:

E(x’t) = Tsl(xvt) X TEQ(x’t) X Wa(xvt) X €ma

X

where T, and T, are temperature stress coefficients, W_ is the water stress
coefficient, and ¢,,, is the maximum light use efficiency. The stress factors
were determined based on existing research, with maximum light use efficiency
values for different vegetation types shown in Table 1.

1.3.2 Analysis Methods

Linear regression analysis was used to calculate the slope trend of NPP changes,
reflecting spatial distribution differences in vegetation NPP at the pixel scale in
the lower Tarim River from 2000 to 2019. The formula is:

nx Y ix NPP,—Y" i NPP,
nx Z?:l = <Z?:1 0)?

slope =

where slope is the trend line slope reflecting the interannual change rate; N PP,
is the NPP value in year 7; and n is the number of years. When slope > 0, NPP
increases, and vice versa.

2.1 Spatial Distribution Characteristics and Change Trends of NPP

From 2000 to 2019, the spatial distribution of average annual NPP of natural
vegetation in the lower Tarim River showed significant heterogeneity, generally
characterized by high values along both banks of the river channel and low val-
ues in areas far from the river and around lakes (Figure 2). The multi-year
average NPP values within 1000 m, 1000-2000 m, and 2000-10000 m from the
river channel were 27.48 ¢ C-m™2, 18.27 g C-m™2, and 16.52 g C - m~2, respec-
tively, decreasing gradually with distance from the river. Overall, NPP values
in the lower Tarim River were relatively low, ranging from 0.72 to 183.88 g C -
m~2. Longitudinally, the multi-year average NPP values in the upper section
(Daxihaizi Reservoir-Yingsu), middle section (Yingsu-Alagan), and lower sec-
tion (Alagan-Taitema Lake) were 28.21 g C+m™2, 18.70 g C-m~2, and 13.55 g

chinarxiv.org/items/chinaxiv-202106.00083 Machine Translation


https://chinarxiv.org/items/chinaxiv-202106.00083

ChinaRxiv [$X]

C-m 2, respectively, with the upper section significantly higher than the middle
and lower sections.

During 2000-2019, NPP of natural vegetation in the lower Tarim River showed
an overall upward trend with obvious spatial differences (Figure 2). Statistics
indicate that since the implementation of ecological water conveyance, areas
with decreasing NPP in the lower Tarim River covered 132 km?, accounting for
only 2.07% of the study area, mainly distributed near the Kuruk Desert in the
upper section and below Taitema Lake. Areas with significant decreases cov-
ered 157 km? (2.47% of the study area), with small distributions in the upper,
middle, and lower sections. Areas with insignificant changes covered 3310.75
km? (52.03% of the study area), primarily showing insignificant increases and
distributed mainly in areas far from the river channel in the upper and middle
sections. Areas with significant increases covered 731.25 km? (11.49% of the
study area), distributed mainly along both banks of the river. Areas with ex-
tremely significant increases covered 2031.75 km? (31.93% of the study area),
concentrated along river banks and in some areas above Taitema Lake.

[Figure 2: see original paper]

2.2 Interannual Variation Characteristics of NPP

From 2000 to 2019, the average annual NPP of natural vegetation in the lower
Tarim River ranged from 16.05 to 24.08 g C - m~2, with a multi-year average
of 20.81 g C+m™2. Interannual fluctuations were obvious (Figure 3). NPP
increased significantly from 2000 to 2005, with a growth rate of 29.48%. It
decreased significantly from 2005 to 2008, with a decline of 47.35%. From 2008
to 2010, NPP fluctuated and decreased slightly, with a decline of 14.30%. NPP
increased continuously from 2010 to 2019, with a growth rate of 28.30%. After
2010, the average annual NPP values were generally greater than 20 g C - m™2,
indicating that vegetation growth conditions improved substantially after 2010.

[Figure 3: see original paper]

2.3 Changes in NPP of Different Vegetation Types

The growth season variation trends of NPP for Populus euphratica, tamarisk,
and herbaceous communities were similar from 2000 to 2019. NPP decreased
from April to the lowest point of the growing season in July, with minimum val-
ues 0f 0.92g C-m2,1.36 g C-m~2, and 0.70 g C-m 2, respectively. Thereafter,
NPP increased continuously, reaching maximum values of 10.29 g C - m~2, 4.33
g C-m~2, and 3.51 g C-m~2 in September, then decreased in October. The
interannual variation characteristics of NPP in the upper, middle, and lower
sections of the lower Tarim River were similar. As shown in Figure 3, April-
October represents the growth period for natural vegetation, with the fastest
growth occurring in July-September. During this period, the average monthly
growth rates of NPP for P. euphratica, tamarisk, and herbaceous communities
were 6.47 ¢ C-m™2,3.34 ¢ C-m~2, and 2.66 g C - m™2, respectively.
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However, the annual growth season variation trends were not consistent. As
shown in Figure 3, larger NPP values typically appeared in September, while
the largest values usually occurred in July in the middle section. Analysis
revealed that the actual temperature in the lower Tarim River in July was close
to the optimal growth temperature for P. euphratica, tamarisk, and herbaceous
communities (Figure 3). The average temperature difference between actual
and optimal growth temperatures was 3.83°C in July, 3.35°C in August, and
4.63°C in September. This indicates that NPP is constrained more significantly
by water conditions than by temperature.

From 2000 to 2019, the NPP values of P. euphratica, tamarisk, and herbaceous
communities increased substantially but showed different interannual variations.
The multi-year average NPP values ranked as: tamarisk (57.37 g C+m~2) > P.
euphratica (29.30 g C - m~2) > herbaceous community (23.23 g C - m~2). NPP
values in the upper section ranged from 20.36 to 30.97 ¢ C - m~2, with a multi-
year average of 26.70 g C-m~2. In the middle section, values ranged from 17.96
to 21.96 ¢ C - m~2, with a multi-year average of 18.70 g C - m~2. In the lower
section, values ranged from 13.60 to 11.70 g C - m~2, with a multi-year average
of only 13.55 g C - m~2. The increases in the upper, middle, and lower sections
were 43.75%, 61.39%, and 42.44%, respectively, with the middle section showing
the most significant increase.

2.4 Impact of Groundwater Depth and Ecological Water Conveyance
on NPP

The ecological water conveyance process can be roughly divided into three stages
(Figure 5). From 2000 to 2009, continuous but small-volume water conveyance
totaled 19.20$x107{8}$ m?, during which groundwater depth recovered slowly.
From 2010 to 2013, intermittent and extremely small-volume conveyance to-
taled only 0.25$x107{8}$ m3, causing groundwater depth to decline year by
year. From 2014 to 2019, continuous and medium-volume conveyance totaled
23.71$x107{8}$ m3, leading to rapid groundwater recovery. From 2017 to 2019,
large-volume continuous conveyance reached 35.16$x107{8}$ m3. Overall, the
average groundwater depth in the lower Tarim River ranged from 3.91 to 7.47 m,
with an average rise of 1.38 m, though groundwater depth showed fluctuating
recovery due to inconsistent water delivery.

Groundwater depth showed a lagged response to annual total water conveyance.
The deepest groundwater depth (7.47 m) appeared at the end of the small-
volume intermittent conveyance period (2013), while the shallowest depth (4.20
m) appeared at the end of the large-volume stable conveyance period (2019).
The correlation between water conveyance and current-year groundwater depth
was weak (rho=-0.29), while the correlation with the following year’ s ground-
water depth was significantly higher (rho=-0.68). From 2000 to 2019, the cor-
relation between groundwater depth and NPP was weak (R?=0.23). However,
as groundwater depth rose steadily due to continuous conveyance since 2010,
the correlation between NPP and groundwater depth strengthened significantly
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(R2=0.62).

To analyze the response of NPP to cumulative water conveyance, we extracted
the average NPP values and cumulative water volumes for the entire lower Tarim
River and its upper, middle, and lower sections from 2000 to 2019. The correla-
tions between different cumulative water volumes and NPP are shown in Figure
6. The correlation coefficients between cumulative water volume over three years
and NPP for the entire lower Tarim River, upper section, and middle section
were 0.62 (P<0.01), 0.69 (P<0.01), and 0.61 (P<0.05), respectively, all passing
significance tests. However, the correlation between annual water conveyance
and NPP did not pass significance tests. This indicates that natural vegeta-
tion shows a clear cumulative response to ecological water conveyance, with the
most obvious cumulative response occurring at the three-year scale. The cor-
relations between NPP and annual conveyance duration or daily water volume
were weak and insignificant, possibly due to variable timing of water delivery
initiation. Groundwater depth showed a similar cumulative response to water
conveyance, with correlation coefficients of -0.69 (P<0.01), -0.71 (P<0.01), and
-0.66 (P<0.05) for the entire river, upper section, and middle section, respec-
tively.

[Figure 5: see original paper]

[Figure 6: see original paper]

3 Discussion

Remote sensing-based monitoring of vegetation in the lower Tarim River in-
dicates significant vegetation recovery and fluctuating increases in vegetation
coverage since ecological water conveyance began. Studies on land use changes
after water conveyance show a net increase of 382.85 km? in vegetation area
from 2000 to 2018, with FARREMNEREKIRRL. Vegetation recovery is closely
related to groundwater depth, and our NPP calculations align with actual con-
ditions. Research shows that groundwater depth responds to ecological water
conveyance with some lag, which matches our findings. However, our study
analyzed the correlation between annual total water conveyance and the fol-
lowing year’ s groundwater depth, ignoring the impact of conveyance timing—a
relationship that requires further investigation.

Correlation analysis between precipitation, NPP, and groundwater depth re-
vealed weak correlations (Figure 7). Although temperature and precipitation
in the lower Tarim River have changed in recent years, the magnitude has been
small, while human activities have had greater impacts. Therefore, compared
with ecological water conveyance, precipitation has minimal influence on NPP
and groundwater depth. This indicates that NPP decline in the lower Tarim
River is primarily driven by water conveyance volume, and ecosystem restoration
has achieved phased progress through ecological engineering implementation.

[Figure 7: see original paper]
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4 Conclusions

This

study systematically analyzed variations in natural vegetation NPP in

the lower Tarim River since the implementation of ecological water conveyance,
yielding the following conclusions:

(1)

From 2000 to 2019, natural vegetation NPP in the lower Tarim River
showed an overall upward trend. Areas with extremely significant in-
crease, significant increase, and insignificant change accounted for 31.93%
(P<0.01), 11.49% (P<0.05), and 52.03% of the total area, respectively.
Horizontally, NPP decreased with increasing distance from the river chan-
nel, following the pattern: 0-1000 m > 1000-2000 m > 2000-10000 m.
Longitudinally, multi-year average NPP values ranked as: upper section
(28.21 ¢ C-m~2) > middle section (18.70 g C+m~2) > lower section (13.55
g C-m~2), with the middle section showing the largest increase (61.39%).

The NPP change characteristics of tamarisk, Populus euphratica, and
herbaceous communities were similar during the growth season (April-
October): NPP increased slowly from April to July, then rose rapidly
from July to September. However, their interannual variation trends dif-
fered. Multi-year average NPP values ranked as: tamarisk community
(57.37 g C+m~2) > P. euphratica community (29.30 g C - m~2) > herba-
ceous community (23.23 g C+m~2). The tamarisk community showed the
greatest increase (350.20%) during ecological water conveyance, followed
by P. euphratica (66.46%) and herbaceous communities (55.34%).

Groundwater depth and natural vegetation NPP showed significant cor-
relations with cumulative ecological water volume over three years, with
correlation coefficients of -0.70 (P<0.01) and 0.62 (P<0.01), respectively.
The correlation between annual water conveyance and groundwater depth
in the following year was significantly higher than that with the current
year’ s depth, demonstrating a lagged groundwater response to water con-
veyance. Additionally, due to continuous water conveyance since 2010,
the correlation between NPP and groundwater depth strengthened signif-
icantly as groundwater depth recovered steadily.

Although ecological water conveyance has improved NPP, vegetation in
the study area remains sparse. Research indicates that vegetation response
to water conveyance is limited to areas within 1000 m of the river channel.
Populus euphratica may revert to pre-restoration conditions or worse after
dry years or flow interruption. Therefore, continuous water conveyance
with stable volumes should be maintained at the interannual scale. At
the intra-annual scale, the optimal conveyance timing should be advanced
to April-May, and the conveyance method should shift from single linear
delivery to multi-channel distribution.
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