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An impact on vegetation by tunnel discharging has been a critical point for underground
constructions around the world. The Jinping Il hydropower station in China possesses the
world’s largest karst diversion tunnel group and discharged massive groundwater during
the construction period. This study assessed the effects on vegetation in the karst and
non-karst areas at different stages before construction (2001-2003, BC), during
construction (2004-2014, DC), and after construction (2015-2019, AC) based on the
Normalized Difference Vegetation Index (NDVI) and the gross primary productivity (GPP)
dataset of the moderate resolution-imaging spectroradiometer (MODIS). The regional
median results of the NDVI and GPP showed that the whole vegetation was little changed
by massive tunnel drainage throughout BC, DC, and AC. The NDVI and GPP were locally
decreased in the first 3 years, and then recovered to the original level within next several
years. Notably, the NDVI and GPP of the karst area (20 and 50% in the total area) were
decreased more significantly than those of the non-karst area (8 and 20% in the total area).
The factors controlling vegetation change are the development of karst and fractures,
which are the conduits of groundwater flow. Therefore, massive groundwater discharge is
the primary influence leading to the vegetation deterioration in the Jinping Il hydropower
station. The research would provide a vital reference for vegetation protection of large-
scale underground construction in the world.

Keywords: groundwater discharging, karst, fracture, vegetation, spatiotemporal impact, Jinping Il hydropower
station

INTRODUCTION

Due to the population expansion and infrastructure development, underground construction has
been extensively built around the world so far. Although large convenience is given, a series of
geo-environmental problems, such as high in situ stresses, strong rock burst, large deformation of
rock mass, high water pressures, and water inrush, have been represented (Wu and Wang 2011;
Hou et al., 2016; Zhang et al., 2021a). A lot of research works have been carried out around these
geo-environmental problems. Hou et al. (2016) proposed forecasting and prevention methods of
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FIGURE 1 | Location of the Jinping Il hydropower station.

water inrush prevention during the excavation process of a
diversion tunnel at the Jinping II hydropower station. Zhang
et al. (2016) have reported key technologies and risk
management of deep tunnel construction aiming at issues on
wall rock instability, strong rock burst, and high-pressure
groundwater infiltration. Considering the ecological
vulnerability of karst areas, previous study scarcely paid
attention to the effects of underground construction on the
eco-environment. For instance, destruction of aquifer
structures, changing patterns of water resources, and
influence on growth rates of plants are all the ecological and
environmental problems that have been revealed (Lv et al,
2020). Vegetation is a crucial indicator of eco-environment
evaluation and thus should be significantly considered during
underground constructions (Zhang et al., 2021b). However,
due to the complex geological conditions and limited
observational  data, the impacts of underground
constructions on vegetation remain poorly understood in the
Jinping hydropower station. The mechanisms how the tunnel
group affects surficial vegetation have yet to be enhanced
urgently.

Existing research mainly assessed the effects of underground
constructions on vegetation using field investigation and sampling,
such as plant types, species richness survey, and study of tree ring
width (Yang et al, 2012; Wang et al,, 2017; Lv et al, 2020).
However, field survey is weak in reflecting long-term variation
of surficial vegetation due to limited spatial and temporal scales.
Meanwhile, field survey is costly and laborious. Remote sensing is a
useful technique, which can present the spatial and temporal
variation of surficial vegetation. As a high-resolution approach

of remote sensing, the satellite-based Normalized Difference
Vegetation Index (NDVI) has been useful to assess the impact
of hydropower station on vegetation (Zhang P. et al., 2019; Zhang
et al, 2020). However, the NDVI significantly relies on the
amounts of “green” leaves and “green” degree, it could not fully
retrieve vegetation variation (Myneni and Williams 1994;
Zhengxing et al., 2003). Gross primary production (GPP) has
the advantage in quantifying the total amount of carbon fixed
by vegetation and is regarded as another significant index of
vegetation analysis (Gilmanov et al, 2004; Phillips et al., 2008).
Moreover, the GPP can reflect the stability of vegetation ecological
function from the angle of carbon sequestration. However, few
studies combined GPP and NDVI to assess the effects on
vegetation of infrastructure with underground constructions,
which may be a more accurate way for vegetation assessment.
The Jinping IT hydropower project is located at the Liangshan Yi
Autonomous Prefecture, Sichuan province, China. It is famous for
the largest diversion tunnel group and developed karst and
structures (fold and fault). So far, the massive water inrush,
strong rock burst, and other typical geo-environmental
problems have been analyzed in the construction (Shiyong
et al, 2010; Wu and Wang 2011). However, few studies
concentrated on the impact of large-sale underground
construction of the Jinping II hydropower station on vegetation.
In this study, the satellite-based NDVI and GPP were integrated to
assess the spatial-temporal variation of surficial vegetation by the
construction of the huge tunnel group in the Jinping IT hydropower
station. This study is aimed at 1) assessing the spatial-temporal
effects on vegetation by groundwater discharging of the tunnel
group during the tunnel construction; 2) comparing the vegetation
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FIGURE 2 | Land cover map of the study area.

variation to the tunnel construction in the karst and non-karst
areas; 3) comparing the difference of GPP and NDVI in the
evaluation for vegetation variation during tunnel construction;
4) proposing mitigation measures of an adverse impact on the
surficial vegetation by tunnel construction. The achievement of this
study would provide a vital reference for vegetation protection of
large-scale underground construction in the world.

STUDY AREA

Our study area was located in the lower reaches of the Yalong River
where the river is barred by a Jinping Mountain, forming a river
bend with a length of 150 km (Figure 1). As part of the Jinping
Mountain, the study area has a steep terrain and alpine landscape
with strong cutting structures and numerous mountains that
possess elevations over 3,000 m. The study area belongs to the
climatic area of the western Sichuan plateau, which presents a
distinguished wet or dry season. The annual rainfall is
approximately 8213 mm, and the large rainfall months are
from June to September. Annual average temperature fluctuated
approximately from 13 to 15°C during the construction periods of
the Jinping IT hydropower station. According to the land cover map
of the study area, the vegetation types are mainly forest land, shrub
land, open forest land, and high coverage grass land (Figure 2).

Tectonically, the study area is located in the eastern margin of
the Qinghai-Tibet Plateau (Zhang Y.-h. et al, 2019). The
stratigraphic time of our study areas includes the following:
the Yantang Formation of the middle Triassic (T,,), which
includes three rock formations (Tgy, Tgy, and Tgy), the Baishan
Formation of the middle Triassic (T,b) and the upper Triassic
(T5), the Zagunao Formation of the middle Triassic (T,z), and the
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Mojian Formation of the lower Triassic (T;) (Figure 3).The
Triassic strata (Ty, Ta, Tap, Tay, and Ts) accounts for more
than 90% of the study area, which could be divided into the karst
and non-karst strata according to lithology. The formations of T,
and Ty, consisted of soluble crystalline, limestone, and marble,
which were the karst strata in the study area, while, the formation
of T; was mainly made up of insoluble sandstone. The formation
of T,, was primarily composed of insoluble argillaceous
limestone. The formation of T, was chiefly formed by
insoluble chlorite schist. The formations of Ts,T,, and T,
were the non-karst strata in the study area.

Based on the geological survey, a series of complex folds with a
nearly north-south distribution formed in these Triassic strata.
These folds contain anticline and overturned anticline, syncline
and overturned syncline, and a lot of compound anticlines and
synclines (Figure 3A). Due to the strong tectonism in these folded
zones, a great deal of faults appeared in the study area type of
which included compression faults, compression shear faults,
extensional faults, and tension-torsion faults. La Shagou-Yi
Wanshui Fault, Jinping Mountain Fault, and Shang Shoupa
Fault are the main faults in this region. Joints and fissures are
highly developed in the folds and faults area. They have a great
impact on groundwater distribution and movement, and thus
controlled the water inrush process of the tunnel construction to a
certain extent. The karst strata run NNE (north-north-east) and
are mainly distributed in the central part of the Jinping Mountain.
Karst development in the study area is weak on the whole, and
there is no stratified karst system. Below 2,000 m, the karst
development is weak and dominated by a vertical system. The
deep karst is dominated by NEE (east-northeast) and NWW
(northwest-west) trending tectonic fractures and their
intersecting zones enlarged by dissolution. Karst morphology
near the elevation of the diversion tunnel (1,600 m) is dominated
by karst fractures, with few karst caves in small scale.

A tunnel group passing through the Jinping Mountain is the
important part of the Jinping hydropower project. The tunnel
group consists of seven parallel tunnels. From south to north,
they are two auxiliary tunnels (17.5 km in length), one drainage
tunnel (16.7 km in length), and four diversion tunnels (16.7 km in
length). The two auxiliary tunnels began its construction in
October, 2003 and were completed in July, 2008. Construction
of the four diversion tunnels started in January, 2007. The whole
project was completed in November, 2014. The seven parallel
tunnels were buried with the depth of 1,500-2000 m. (Shiyong
etal.,, 2010; Wu and Wang 2011; Hou et al., 2016; Jalali and Jalali
2016; Santaloia et al., 2016; Shi et al., 2017). These tunnels went
through karst cave aquifer composed of the Ty, and T, strata,
and the fissure aquifer was formed by the T,, strata. The seven
tunnels also have a similar cross section as shown in Figure 3B.
The groundwater was recharged mainly in the higher bedrock
mountains with an elevation of 3000-4000 m. The water table of
the groundwater was nearly a kilometer deep. After a long-
distance runoff from high- to low-lying areas, the groundwater
finally discharged into the Yalong River. Also, springs were
another groundwater discharging type when the groundwater
migrated in short distance and then flowed into nearby valleys.
Low flow water inrush occurred mainly in the non-karst strata,
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FIGURE 3 | Geological map of the study areas (A) and cross section of the No.1 headrace tunnel (B) (Hou et al., 2016).

while large flow water inrush mainly occurred in the karst strata ~ the construction process, such as low flow water inrush in the
during tunnel construction (Hou et al., 2016). During the tunnel  joints or fractures, large flow water inrush in the faults with high

construction process, several water inrush disasters occurred in

pore water pressure, water inrush with silt in the fractures or

the diversion tunnels, which can be divided into different types.  faults, and water inrush with bubbles in the structural surfaces
The typical water inrush disasters in the diversion tunnel during  (Hou et al., 2016).
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FIGURE 4 | Spatial distribution of mean NDVI (A,C) and GPP (B,D) before, during, and after constructions in the non-karst (A,B) and karst areas (C,D).

METHODS

In this study, MODIS-NDVI (MODIS13Q1) with a spatial
resolution of 250 m x 250 m and temporal resolution of 16 days
and GPP (MOD17A2H) with a spatial resolution of 500 m x 500 m
and temporal resolution of 8 days from January 2001 to December
2019 were obtained from the National Aeronautics and Space
Administration (NASA) (https://ladsweb.modaps.eosdis.nasa.gov/
search). The annual NDVIs were extracted from every 16-day
NDVI raster datasets in a whole year by the maximum value
composites method. The annual GPPs were obtained by summing
the 8-day GPP raster datasets in a whole year.

Since the tunnel construction lasted from 2004 to 2014, study
periods of 2000-2019 were separated into three stages. The period
of 2000-2003 were defined as before construction (BC), which
could serve as a benchmark for vegetation without tunnel
construction. The period of 2004-2014 and 2015-2019 were
defined as “during construction” (DC) and “after
construction” (AC). The mean value of annual NDVIs and
annual GPPs of 2001-2003, 2004-2014, and 2015-2019 were
extracted as the NDVI of BC, DC, and AC, respectively. The one-
way analysis of variance (ANOVA) was performed to compare
GPP and NDVI of BC, DC, and AC in both the karst and non-
karst areas. Tukey-HSD was applied for multiple comparisons if
the difference was significant at p < 0.05 (Brunneret al. 2017;
Kozak and Piepho 2018).

Spatial changes of annual NDVI and GPP throughout the DC
and AC were identified by the comparison between annual
NDVIs and GPPs of 2004-2019 and the mean value of annual

NDVIs and GPPs of 2001-2003. Negative NDVI or GPP in each
pixel presented vegetation degradation, while positive NDVT or
GPP in each pixel presented vegetation growth. To further
recognize the location of the negative NDVI and GPP, pixels
with positive NDVI and GPP were assigned to null and displayed
as colorless.

All the data were analyzed in the R environment (Version
4.1.2, http://cran.r-project.org), and the packages for R are
available in this study (https://cran.r-project.org/web/packages/
raster/index.htmblhttps://cran.rproject.org/web/packages/
multcomp/index.html).

RESULTS AND DISCUSSION

General Characteristics of the Normalized
Difference Vegetation Index and Gross

Primary Productivity

Regardless of different construction periods, the NDVI and GPP
presented great spatial variabilities in both the karst and non-
karst areas within the 10 km range on both sides of the diversion
tunnel group (Figure 4). In karst areas, the lowest NDVI and GPP
were identified in the northern and middle parts, while the
highest NDVI and GPP were observed in the northeastern and
eastern segments (Figures 4A,B). Similarly, great variabilities
were still observed in non-karst areas (Figures 4C,D). Compared
with karst areas, non-karst areas possessed the lower spatial
variabilities of the NDVI and GPP.
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The variations of the mean NDVIs and GPPs during the BC,
DC, and AC are shown in Figure 5. The NDVI and GPP of the
BC, DC, and AC changed little at the regional scale. The NDVI
value was 0.81 for karst areas and 0.84 for non-karst areas during
the BC, respectively. The NDVI of the DC was slightly lower
(<0.01) than that of the BC. On the contrary, the NDVI of the AC
was higher (<0.02) than that of the BC. Similarly, the GPP value
of BC was 952 g C m™ year™" for the karst area and 1,112 g C m™>
year™' for the non-karst area. The GPP of DC and AC showed a
modest increase (<150 g C m > year™') compared with that of BC.
Similar changes were also found for areas within the distances of
1, 3, and 5km on both sides of the diversion tunnel group
(Supplementary Figure 2).

The aforementioned results indicated that tunnel construction
of the Jinping II hydropower station had a subtle influence on
vegetation growth at the regional scale. This is consistent with the
results by the net primary production proxy in the hydropower
stations along the Wujiang River in southwestern China (Sun
et al. (2018). Although previous studies indicated that
underground construction (e.g., railway tunnel) may be
unbeneficial for vegetation growth due to the loss of
groundwater during the DC (Lv et al, 2020), the effects of
tunnel construction on vegetation is largely dependent on
climate and groundwater burial condition. For example,

vegetation in the areas with abundant precipitation was
affected by surface water rather than groundwater during
tunnel construction (Wang et al., 2007; Craig et al., 2013). The
annual precipitation was abundant (>1,000 mm) in our survey
region throughout the BC, DC, and AC (Supplementary
Figure 5). Thus, the vegetation growth in our study area was
closely related to surface water due to ample annual precipitation.
In addition, the groundwater table might be another notable
factor to interpret the weak variation in the NDVI and GPP. The
groundwater depth was larger than 1km (Figure 1); however,
vegetation only made use of the groundwater from tens of
centimeters up to several meters underground (Warner et al,
2013; Mathurin et al., 2014). Therefore, surface water, as the main
water source of vegetation, was more strongly correlated with
vegetation growth in our study area.

Local Characteristics of the Normalized
Difference Vegetation Index and Gross
Primary Productivity

Although mean NDVI and GPP had no significant variations
among different construction periods regionally, the NDVI and
GPP illustrated notable variation in some local areas. By field
survey, structures (fold and fault) and karst are developed in the
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FIGURE 6 | Spatial distribution of negative NDVI (A,C) and GPP (B,D) throughout DC and AC in the karst (A,B) and non-karst areas (C,D).

study area. Considering their special hydrogeological affinity,
structures (fold and fault) and karst are the possible factors
leading to local vegetation variation.

A lot of pixels in both karst and non-karst areas revealed
negative NDVI and GPP in the first few years (2004-2007) of DC

(Figures 6, 7, Supplementary Figure 5). Negative NDVI and
GPP were mainly scattered over the fault zones and fold core
parts in the study area (Figure 3). This may be attributed to dense
fractures distributed in the fold core and fault zones, which are
favorable for groundwater moving and storage (Hou et al., 2016;
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Zhang et al., 2016; Lv et al., 2020). Large volume of high-pressure
inrush water was encountered during tunnel construction in
these fold core or fault zones where rock mass was extremely
broken and plenty of fractures were developed (Jalali and Jalali
2016). Forty-two groundwater infiltration points were exposed
when four diversion tunnels went through the fold and fault
areas. Seven of 42 infiltration points experienced water gushing
greater than 1 m’/s, and others had groundwater inflow greater
than 0.05 m*/s (Zhang et al., 2016). Jalali and Jalali,(2016) also
counted that 20 infiltration points with groundwater gushing
higher than 0.1 m/s were disclosed during the construction of the
auxiliary tunnels. The infiltration points were also mainly located
in the tunnel segments which passed through the fold core or fault
zones. Therefore, fracture in the fold core and fault zones
influenced the distribution of vegetation deterioration.

On the other hand, karst was another significant factor leading
to a large area decline in the NDVI and GPP results. Negative
NDVI values accounted for 20% of the karst areas and only 8% of
the non-karst areas in the first year of DC (Figures 7A,C). The
GPP values showed similar changes with the NDVI, representing
50% decline in karst areas and 20% decline in non-karst areas in
the first year of DC (Figures 7B,D). In addition, the area fractions

of the negative GPP were higher than that of the NDVI. The
results indicated that vegetation in karst areas were more sensitive
to tunnel construction compared to non-karst areas. It was
probably resulted from the special characteristics of the karst
hydrological system that is disadvantageous for vegetation
growth by the following reasons: 1) The karst hydrological
system was characterized by vulnerable karst aquifers and
dominant subsurface drainage, which were sensitive to tunnel
construction (Gutiérrez et al., 2014). It was predicted that the
groundwater discharge by the diversion tunnel group was about
19-23.5m’/s in karst areas, two times more than that in non-
karst areas (Ren et al., 2009). Such massive groundwater drainage
resulted in dry surface habitats and water shortages due to the
direct connection between the surface and underlying high-
permeability aquifers in the karst hydrological system (Lv
et al.,, 2020). 2) The groundwater discharge may lead to karst
collapse and soil erosion. Karst collapse would directly destroy
vegetation, while soil erosion may inhibit soil providing water and
nutrition for vegetation. 3) The underground pipeline network
varying greatly in different areas can be easily blocked in lower
areas in cases of heavy rain, causing local waterlogging and
water—soil loss (Lv et al., 2020).
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p.value

FIGURE 8 | Correlation coefficient and its significance testing results between vegetation GPP, NDVI, and climate factors [(A) between GPP and precipitation; (B)
between GPP and temperature; (C) between NDVI and precipitation; and (D) between NDVI and temperature].

Despite widespread negative NDVI and GPP values for the
first few years of DC in the study area, a minority of the pixels
displayed negative NDVT values after 2010 and GPP values after
2006 (Figures 6, 7, Supplementary Figure 5). This indicated that
vegetation growth dropped down in the first few years of DC and
then recovered to the initial state after several years. Such result
was not consistent to previous report which deemed that the
tunnel construction led to a significant vegetation reduction in
pine forests using the tree ring approach (Zheng et al,, 2017).
However, our result was similar to that of some hydropower
projects on the Jinsha River (Zhang P. et al., 2019). It is probably
because the vegetation adapted new hydrogeological conditions.
Also, this might be due to the efficient groundwater treatments,
significantly limiting water gushing during tunnel construction.
Water plugging was the primary treatment method to resolve the
water gushing with a low flow rate. Meanwhile, advanced and
specific technologies were also utilized to treat concentrated
groundwater infiltration with a high flow rate (Zhang et al,
2016). Moreover, vegetation restoration and comprehensive
management of ecological construction projects after
infrastructure constructions were possible reasons for the
recovery of the NDVI or GPP values (Wei et al,, 2010; Zhang
P. et al,, 2019). However, due to the lack of field and remote
sensing data on vegetation restoration, it was difficult to eliminate
the effects of climate and human activities on the increase of the
NDVI and GPP values in the current study.

In addition, a lot of articles proposed that the variation of GPP
and NDVT have close relationship with climate factors, especially
with precipitation and temperature.(Wang et al.,, 2007; Zhang
et al,, 2013; You et al,, 2020). In order to identify the effects of

climate change on vegetation, Spearman bivariate correlation
analysis was used to analyze the correlation of GPP and NDVI
with precipitation and temperature. The Spearman correlation
coefficient of most pixels was between —0.3 and 0.3, indicating a
weak relationship between GPP and NDVI change with the
climate factors (precipitation and temperature) (Figure 8).

Proposal

First, groundwater discharging by the tunnel would not lead to
extensive vegetation degradation in the humid region. Vegetation
distributed in areas where karst was highly developed, or
structures were concentrated would be an impact to some
extent. Advance grouting or curtain grouting in areas where
karst was highly developed, or structures were concentrated
would be an effective way to protect vegetation during tunnel
construction. It is also important to strengthen the vegetation
monitoring.

Second, although the NDVTI has been widely used to evaluate
the impact of engineer construction, saturation problem is a well-
known issue in the NDVI. The NDVI can reach saturation and
become insensitive in dense vegetation canopies. (Asner et al,
2003; Gu et al., 2013). This may lead to an underestimation of
ecosystem productivity in high (dense) biomass regions. While
GPP, which is the total amount of organic carbon fixed by green
plants through photosynthesis at an ecosystem scale, determines
the initial amount of energy and material entering the terrestrial
ecosystem (Dagnachew et al., 2020). Thus, GPP could reflect the
stability of vegetation ecological structure and its ecological
function (Wang et al, 2021). In this way, it overcomes the
limitation of saturation problem in the NDVIL Therefore, in
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our study, it was found that negative NDVI values covered about
20% of the study area, while the areas of negative GPP values
amounted to 55% the first year after tunnel construction.

Therefore, it is recommended that combining GPP or other
ecological parameters with the NDVI would be more accurate to
assess the impacts on vegetation of groundwater discharging by
underground construction. On the other hand, although our
study highlighted vegetation recovered in a few years after
tunnel construction in terms of the NDVI and GPP, it could
not reflect the vegetation structure variation. How vegetation
recovered in terms of vegetation structure still needs to be further
studied.

CONCLUSION

This research was conducted to assess the spatial and temporal
impacts on vegetation by tunnel discharging in the Jinping II
hydropower station from 2001 to 2019. Generally, the tunnel
construction had a negligible impact on vegetation at the regional
scale due to the abundant precipitation in the study area.
However, the response of vegetation to the construction of the
Jinping hydropower station varied spatially. The negative NDVI
and GPP values were mainly distributed in areas where karst was
highly developed, or structures were concentrated. In addition,
about 20% of the total area for NDVI values and 50% for GPP
values were negative after the first year of the tunnel construction
in karst areas. Afterward, the NDVI and GPP values recovered to
the original level after 7 and 3 years, respectively. The area for the
decrease of the NDVI and GPP values in non-karst regions was
much smaller than that of karst areas, due to insoluble affinity of
non-karst strata and smaller volume of groundwater discharge.
Both the NDVI and GPP values increased during the AC
compared to those of BC, because of the vegetation restore
and comprehensive groundwater treatment measures in
tunnels. The research proposed that massive groundwater
gushing would be unbeneficial for vegetation growth. The
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