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ABSTRACT

Climate change and hydropower operations affect hydrological regimes at regional basin scales and impact hy-
drodynamics and habitat conditions for biota at the river reach scale. The present study proposes a hierarchical
modeling framework for predicting and analyzing the impacts of climate change and hydropower on fish habi-
tats. The approach couples multi-scale climate, hydrological, water temperature, hydrodynamic and habitat suit-
ability models and was applied to a reach of the Jinsha River. Flow discharge and water temperature were
predicted in the study area for a baseline scenario and three climate change scenarios, and each considered the
presence and absence of impacts caused by hydropower operation. The impacts of flow discharge and water tem-
perature variations on spawning and juvenile Coreius guichenoti, an imperiled warm-water fish in the Jinsha
River Basin (JRB), were evaluated using a fuzzy logic-based habitat model. The results showed that habitat suit-
ability and available usable area for the fish increased due to climate change, and water temperature rising was
the main influencing factor. Water temperature decrease induced by hydropower operation in the spawning
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periods resulted in the reduction of available habitat area. However, climate change reduced the negative effects
generated by hydropower operation, and the available habitat area for the fish would still be expected to increase
under the combined impacts of climate change and hydropower operation in the future. It is predicted that water

warming, as a result of climate change, is likely to eliminate the spawning postponement effect generated by hy-
dropower operation on Coreius guichenoti as well as other warm-water fish species in the JRB. In contrast, water
warming induced by climate change is likely to exacerbate the negative effects of hydropower operation on the
spawning activity of cold-water fish species in the JRB. The present study provides a scheme to predict the im-
pacts of climate change and hydropower on other organisms in river ecosystems. The results are beneficial for
the development of long-term and adaptive conservation and restoration measures for aquatic ecosystems.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Freshwater ecosystems provide services for human life and terres-
trial productivity and contain some of the most imperiled communities
on Earth (Abell, 2002; Heino et al., 2009). Several studies and observa-
tory campaigns have revealed that these ecosystems are threatened
by climate change and anthropogenic activities (Comte et al., 2013;
Hauer et al., 2013; Junker et al,, 2015; Brown et al., 2016). These threats
have led to freshwater biodiversity declining at a faster rate than that of
terrestrial or marine biodiversity (Jenkins, 2003; Dudgeon et al., 2006).

Climate change is expected to increase stream temperatures and
alter flow regimes, and it represents one of the most significant threats
to stream fishes (Ficke et al., 2007; Palmer et al., 2009; Woodward et al.,
2010). Fish species have specific temperature thresholds and precipita-
tion tolerances from which species distributions are shaped. The shifts
on temperature and hydrological regimes will ultimately alter the hab-
itat conditions of freshwater species (Schindler, 2001). Several studies
have predicted substantial habitat losses for cold-water stream fishes
that will be impacted by increases in stream temperature (Mohseni
et al., 2003; Preston, 2006; Null et al., 2012). For instance, an analysis
of the climate change impacts on four trout species across the interior
western United States indicated an expected reduction in total suitable
habitat of 47%; this reduction was driven by increases in temperature
and winter flood frequency as well as flow regime shifts (Wenger
et al., 2011b).

Moreover, habitat alterations are also increasingly caused by human
activities (e.g., channelization, dredging, damming, and land-use
change) (Allan, 2004; Bobbi et al., 2014). Habitat modifications often re-
sult in altered and degraded stream conditions, fragmented habitat con-
ditions and degraded aquatic biodiversity (Wu et al, 2003).
Anthropogenic habitat alterations, combined with changes in stream
temperatures and flow regimes, will likely cause persistent declines in
aquatic biota (Dudgeon et al., 2006; Sievert et al., 2016). There have
been many studies that have assessed water temperature and hydraulic
changes caused by human activities, and physical habitat models have
been used to evaluate the effects of these changes on fish habitat (Im
etal, 2011; Yi et al., 2014; Pragana et al., 2017). However, in order to
plan for long-term biodiversity conservation, a better understanding
of how anthropogenic impacts and threats affect aquatic species is
needed (Turner et al., 2003; Poff et al,, 2012).

Most of the studies aimed at determining climate change impacts on
freshwater fish habitat have focused on cold-water fish species (Rahel
et al., 1996; Null et al., 2012), on thermal suitability under climate
change (Mohseni et al., 2003; Sharma et al., 2007; Ficklin et al., 2013;
Brown et al., 2016), or on flow discharge suitability (Hauer et al.,
2013; Papadaki et al., 2016; Segurado et al., 2016). Few studies have
considered the combined influences of the two factors on habitat of
warm-water fish species (Mantua et al., 2010; Wenger et al., 2011a).
Moreover, studies of combined future climate change and human activ-
ity impacts on fish habitat are scarce (Guse et al., 2015).

Among the different available approaches, physical habitat simula-
tion has emerged as a powerful tool to quantify variations in suitable
habitat for different river biota (Bovee, 1998). To assess the impacts of

climate change on stream fish habitat, it is necessary to identify the
changes in stream temperatures and flow regimes (Malmgqvist and
Rundle, 2002). Moreover, this type of approach typically relies on sev-
eral coupled models, such as a climate model that has been downscaled
to a regional area, a watershed hydrological model, a water temperature
model, a hydraulic model and a habitat suitability model (Munoz-Mas
et al.,, 2016). In fact, such a hierarchical model framework has been
tested to assess the effects of different pressures on abiotic habitat con-
ditions and river biota (Guse et al., 2015; Jochem Kail et al., 2015).

The main aim of this study is to develop a multi-scale coupled hier-
archical model framework to assess the impacts of climate change and
hydropower operation on the habitat conditions of spawning and juve-
nile Coreius guichenoti (C. guichenoti), a warm-water fish in the Jinsha
River Basin (JRB), which is an area that is highly sensitive to climate
change and is largely altered by hydropower development. First, the hy-
drology, hydrodynamics, water temperature and fish habitat suitability
were consecutively simulated along the model cascade under climate
change with and without hydropower operation scenarios. Second,
the impacts of climate change and hydropower operation on flow dis-
charge and water temperature were evaluated in the study area. Finally,
the relevance of changes between habitat factors (i.e., flow discharge
and water temperature) and habitat quality and the potential impacts
on spawning activities of fish species were analyzed in the JRB.

2. Study area

The JRB (90° 23’E-104° 37'E, 24° 28'N-35° 46/N) is located at the
western margin of the Tibetan Plateau, the Yunnan-Guizhou Plateau
and the Sichuan basin in China. Originating from the southern glacier
at the Jianggendiru peak of the Geladaindong Snowy Mountain in the
middle of the Tanggula Mountains, the Jinsha River is an upstream por-
tion of the Yangtze River. The JRB covers an area of approximately
540,000 km?. The total length of the mainstream Jinsha River is
3500 km, with a total fall of 5100 m; this accounts for 55.5% of the length
and 95% of the total fall of the Yangtze River. The JRB belongs to the pla-
teau climate zone, and the air temperature progressively increases from
upstream to downstream. The general distribution of precipitation in
the JRB gradually increases from the northwest to the southeast. The
flooding season in the JRB lasts from June to October, which is when
75%-85% of the rainfall occurs.

The JRB is the most biodiverse region of China and has a rich variety
of freshwater fishes. There are as many as 177 fish species endemic to
the JRB for its unique environmental characteristics. The basin also has
great potential as a source of hydropower. The development of cascaded
hydropower dams on the Jinsha River was proposed in 2005, and there-
after, several large dams were constructed. The built and under-
construction large dams on the JRB are presented in Fig. 1. The construc-
tion and operation of such dams and reservoirs has already negatively
influenced the habitat quality of C. guichenoti, an important endemic,
economically valuable and anadromous migratory fish species in the
JRB. It is a eurythermal fish with a preference for warm waters; further-
more, the water temperature must be above 18 °C to initiate spawning
(Liu et al.,, 1990; Cheng et al.,, 2015). The spawning period of the fish is



1626 P. Zhang et al. / Science of the Total Environment 646 (2019) 1624-1638

"

oConstructed dam

=
eoUnder-construction dam £
. . =
<Hydrological station ?’3
Dam name
a: Ahai h: Baihetan
b: Liyuan i: Xiluodu

c: Jinangiao
d: Longkaikou

j: Xiangjiaba
k: Lianghekou

e: Ludila I: Jipingyiji

f: Guanyinyan m: Ertan

g: Wudongde

City name Hydrological station name N
Cl:Lijiang H1:Sanduizi

C2:Panzhihua  H2:Longjie

C3Ylbll’1g 0- 75- 150 300 450 GOEm

Bed elevation "
2980 - 985 J
975 - 980
970 - 975
965 - 970
960 - 965
2955 - 960

Fig. 1. The Jinsha River Basin and the studied river reach.

from May to July, and it travels from the lower to the upper reaches of
the Jinsha River. Therefore, the presence of cascade dams has decreased
the river connectivity, blocked the migration passage, and fragmented
the habitat of C. guichenoti (Tang et al., 2012). The protection priorities
for the 16 endemic fish in the upper Yangtze River were analyzed, and
the results showed that C. guichenoti was seriously affected by environ-
mental changes; thus, the species is in urgent need of protection (Liu,
2004).

Many field sampling campaigns have been conducted on the main
stream of the Jinsha River, and the river reaches near the Panzhihua
City in the middle Jinsha River were identified as important spawning
grounds for C. guichenoti (Tang et al., 2012; Yang et al., 2017). In this
study, a river reach located downstream from the Yalong River mouth
was selected as a representative study area of the JRB (Fig. 1). The Ya-
long River is the largest tributary of the Jinsha River and flows into the
Jinsha River near the Panzhihua City. The studied river reach is approx-
imately 10 km long and is located downstream of a hydrological station
named Sanduizi. Spawning and juvenile C. guichenoti were selected as
the target groups for this study. A multi-scale coupled eco-
hydrological hierarchical model framework was developed to analyze
the impacts of climate change and hydropower operation on fish habitat
conditions.

3. Methodology
3.1. Hierarchical model framework

The modeling and analysis of aquatic ecosystems is often a complex
task. A combination of separate models must be used to capture the dif-
ferent relationships in a river ecosystem, and each describes a specific
aspect of the problem. To simulate habitat suitability in the studied
river reach, a hierarchical model framework was developed to incorpo-
rate a climate model, hydrological model, water temperature model, hy-
draulic model and habitat evaluation model at different scales, and their
impacts on fish habitat suitability were assessed. The hierarchical model
framework is shown in Fig. 2.

First, global climate models were used and downscaled to the JRB to
provide meteorological data for the basin. The meteorological data and
the data of the hydropower operation scheme were used as input data
for the hydrological model at the scale of the JRB. Then, the river flow

discharge data calculated by the hydrological model and the meteoro-
logical data from the previous climate models were used as input for a
water temperature model at a river segment scale. The river flow dis-
charge data were also used as input for a one-dimensional (1D) hydrau-
lic model used to predict water levels in river segments. Finally, a two-
dimensional (2D) hydraulic model and a habitat evaluation model were
established for the studied river reach. The flow discharge data pre-
dicted from the previous hydrological model and the water level data
predicted from the 1D hydraulic model were used as inputs into the
2D hydraulic model. Hydrodynamic data (i.e., water depth and velocity)
from the 2D hydraulic model and water temperature data from the pre-
vious water temperature model were used in the habitat model to cal-
culate and evaluate habitat suitability for spawning and juvenile
C. guichenoti. The models mentioned above are described in detail in
the following sections.

3.2. Climate models

In the context of the Sino-Swiss project entitled “Jinsha River Basin
(JRB): Integrated Water Resources and Risk Management under a
Changing Climate” (i.e.,, the JRB project) (Swiss Agency for
Development and Cooperation, 2016), a set of 24 climate change sce-
narios were developed. These scenarios resulted from a combination
of 11 General Circulation Models (GCMs) and two Representative Con-
centration Pathways (RCPs, RCP 4.5 and RCP 8.5) calculated for the near
future (NF, 2021-2050) and far future (FF, 2070-2099) periods. The pe-
riod from 1981 to 2010 was used as the baseline period. A total of 18
GCMs were available along with the 2 RCPs. The scenarios were selected
based on the following three criteria. First, the past performance of the
18 GCMs at annual and seasonal temperature and precipitation scales
were studied in terms of the Mann-Kendall coefficient and linear
trend rate. Second, the absolute change in temperature and the relative
change in precipitation with respect to the baseline period should rep-
resent a broad response and not average climate change, i.e., the se-
lected GCMs must include the 10% and 90% quantiles. Third, the
selected GCMs must stem from independent climate modeling centers
to avoid systematic bias. The final selection of the 11 GCMs was based
on expert judgment and was based mainly on criterion 1. The final se-
lection of the GCMs is shown in Table 1. The selected GCMs were then
downscaled to the JRB region using the delta change method, and
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Fig. 2. The hierarchical model framework.

meteorological data (i.e., daily air temperature and precipitation) were
produced for the JRB. Only three climate scenarios (i.e., FF45-7, FF45-3
and FF85-7) were retained for this study. The selection criteria are de-
tailed in Section 3.7.

Table 1

Abbreviations of the different climate change scenarios used in this study. NF and FF de-
note the near future and far future periods, respectively. The selected climate change sce-
narios were in bold (e.g., FF45-7 represents scenario ACCESS1-3 with RCP 4.5 for far future
periods).

GCM Near future (2021-2050) Far future (2070-2099)
RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5

ACCESS1-3 FF45-7

BNU-ESM FF45-5 FF85-5

CCSM4 NF-6 FF85-6

FGOALS-g2 NF-1 FF45-1 FF85-1

FIO-ESM NF-7 FF85-7

GFDL-ESM2G NF-8 FF45-8

GISS-E2-H FF85-8

HadGEM2-ES NF-2 FF45-2 FF85-2

IPSL-CM5A-LR NF-5 FF45-6

IPSL-CM5B-LR NF-3 FF45-3 FF85-3

MIROC5 NF-4 FF45-4 FF85-4

3.3. Hydrological model

The hydrological conditions in the JRB were modeled using the
Routing System (RS) model (Hernandez et al., 2007). The RS model sim-
ulates rainfall-runoff processes as well as flow routing based on a semi-
distributed conceptual scheme. The rainfall-runoff modeling is based on
the GSM-SOCONT (Glacier-Snow Melt Soil CONTribution) model, which
considers numerous hydrological processes, such as snowmelt, glacier
melt, surface and underground flow due to infiltration and simple
karstic behavior (Schaefli et al.,, 2005). The discretization of the basins
into elevation bands meets the need of including temperature variation
with altitude. When necessary, the elevation bands include a glacier
melt model that replaces the soil infiltration model. Hydraulic struc-
tures, such as water diversion, reservoir storage and reservoir routing,
as well as water allocations, can also be integrated into the model.

A specific model has been developed for the JRB. Based on the river
network and the location of the discharge gauging stations that provide
historical and real-time data, the JRB basin was divided into 53 sub-
catchments, which were further divided into 1146 runoff generation
units or altitude bands. A total of 13 large dams and reservoirs were in-
cluded in the model (Fig. 1); of these, 9 have a dam height > 100 m, and
12 have a production capacity > 2000 WM. The reservoirs are character-
ized by a relationship between water level and reservoir volume. At
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each time step, this relation is used to define a mass balance between
the inflows, the outflows (i.e., hydropower production, spillway re-
leases, or evapotranspiration) and the variation in water storage. The
exploitation criteria considered aim to maximize hydropower produc-
tion while maintaining safety. Thus, whenever the inflow is expected
to raise the water level beyond a certain threshold, the spillways will re-
lease water from the reservoir. The model was calibrated for recent pe-
riods and used to predict the flow discharge in several climate change
scenarios. The flow discharge data from Sanduizi (H1 in Fig. 1) were se-
lected and used for the studied river reach.

3.4. Water temperature model

A water temperature model was established to simulate the water
temperature in the studied river reaches based on the results from the
RS model. The model was coupled with the hydrological model. The
water temperature model was composed of groundwater, seasonal and
daily signals. The groundwater temperature is supposed to be constant
and depends mainly on the groundwater temperature and the soil tem-
perature; in contrast, the seasonal and daily signals depend on the air
temperature. The parameters included in the model consider the shading
effects caused by the vegetation and topography. Heat exchanges are also
considered at the river reach scale. The input data for the water tempera-
ture model include the incoming shortwave radiation, mean wind speed,
air pressure, air temperature and humidity. The daily water temperature
data measured at the river reaches were used to calibrate the model.

However, heat exchanges in large reservoirs were not computed due
to the lack of bathymetric information needed to characterize such a com-
plex hydrodynamic system. Therefore, the hydropower operation effect
was not considered in the water temperature model. A correction factor
was applied to the results of the scenarios without hydropower operation
to contextualize the scenarios affected by hydropower operation. This
correction factor was defined as the difference between the observed
monthly averaged water temperature with and without the influence of
hydropower. For this, the considered representative periods were
2001-2003 for the assumption of no hydropower influence (i.e., the pe-
riod before dam construction) and 2012-2014 for the case with hydro-
power influence (i.e., the period after dam operation). This correction
factor indicates an increase in water temperature from 0.2 to 2.8 °C
from July to January and a decrease in water temperature from —0.9 to
—2.5 °C from February to June due to the impacts of hydropower opera-
tion (Fig. 3). Therefore, the daily water temperatures for the scenarios in-
fluenced by hydropower operation were estimated by adding the
correction factor to the predicted water temperature for the scenarios

8]

'
—

1

Mean water temperature change due
to hydropower operation (C)
Y =)

'
w
L

Month

Fig. 3. Correction factor calculated as the monthly mean water temperature difference
between the period before dam construction (2001—2003) and the period after dam
operation (2012-2014).

without hydropower. Using this model, the daily water temperatures
for the studied river reaches were predicted for all scenarios.

3.5. 1D and 2D hydrodynamic models

The two-dimensional hydrodynamic model River2D (Steffler and
Blackburn, 2002) was used to evaluate the hydraulic habitat conditions
(e.g., flow velocity and water depth) of the studied river reach. River2D
numerically solves the basic mass conservation equation and the two
horizontal components of momentum conservation to calculate the
two horizontal flow velocity vectors and the water depth.

Since the water level data at the outlet of the study river reach were
unavailable, a 1D hydrodynamic model based on Mike11 was elabo-
rated. This model works in a quasi-steady mode and is used to predict
water levels for the 2D model. In this study, the 1D hydrodynamic
model was set up for a river reach from Sanduizi (H1) to Longjie (H2)
(Fig. 1, right). The river reach was divided into 125 cross sections,
with a distance of ~800 m between sections. The 11th cross section of
this 1D model corresponds to the lower boundary of the studied river
reach. A water level-discharge curve was characterized from this
model as the lower boundary condition for the 2D hydrodynamic
model. The 2D model was established with a grid resolution of 30 m.
The water velocity and depth were predicted by the 2D model for the
different inflows in all baseline and future scenarios.

3.6. Habitat suitability model

The habitat model CASiMiR-GIS (Schneider et al., 2012) was applied
to assess and quantify the habitat suitability for the spawning and juve-
nile C. guichenoti in the studied river reach. This model is a fuzzy logic-
based habitat evaluation model that can be applied to rivers that differ
in size, flow regime, and riverbed structure (Noack et al., 2013). In a
GIS environment, the model can define any parameter using GIS func-
tionalities and can apply all GIS features to visualize habitat suitability
maps and further analyze the simulation results. The fuzzy logic concept
is used in the model by constructing the fuzzy sets of habitat factors and
fuzzy rules based on available habitat data and knowledge from ecolog-
ical experts (Mocq et al., 2013).

In this study, three key habitat factors, i.e., water temperature, velocity
and depth, were considered for spawning and juvenile C. guichenoti in the
fuzzy-logic based habitat model. The resulting fuzzy sets of habitat factors
for spawning and juvenile fish are displayed in Fig. 4. Each input habitat
factor and output habitat suitability index (HSI) were expressed with lin-
guistic categories: ‘very low (VL)’, ‘low (L), ‘medium (M)’, ‘high (H)’ and
‘very high (VH). The fuzzy rules for spawning and juvenile C. guichenoti
are presented in the Appendix, in Table A-1 and Table A-2. After the
fuzzy sets of input variables and fuzzy rules were established, a habitat
evaluation was conducted for the different scenarios.

Outputs from the habitat suitability models are expressed as the
Weighted Usable Area (WUA) (Eq. (1)), which is calculated to quantita-
tively assess the habitat condition or availability of the entire river
reach. Because water temperature, velocity and depth were considered
in the habitat model of this study, the WUA was calculated for any given
water temperature and flow discharge.

WUA = iAiHSIi =f(Q,T) (1)

i=1

where A; is the area of the ith cell of the 2D hydrodynamic model grid,
HSliis the suitability index in the ith cell, n is the number of model
cells,and Q and T are the given flow discharges and water temperatures,
respectively, in the studied river reach.

Because C. guichenoti produce pelagic eggs, the fish eggs are
transported to the downstream reach of the of the study area. The egg
collection campaigns were conducted in Jiaopingdu sampling section
downstream of the study area in the spawning months in 2013 and
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Fig. 4. Membership functions for the input variables of water temperature, velocity, and depth and for the output variable of habitat suitability for spawning and juvenile C. guichenoti.

2014 to collect eggs produced by the fish in the study area. The daily
spawning eggs in the study area were estimated using the method de-
scribed by Xu et al. (2015). By comparing the WUA and number of the
spawning eggs, the habitat model was validated in this study.

3.7. Model scenarios

Water discharges for all climate change scenarios were predicted
using the hydrological model. In this study, the water discharge ratios

Table 2
Scenarios used in this study.

Description Scenario name Scenario used in this study
Baseline discharge scenario Baseline Baseline without hydropower
Baseline with hydropower
Maximum discharge scenario FF45-7 FF45-7 without hydropower
FF45-7 with hydropower
Medium discharge scenario FF45-3 FF45-3 without hydropower
FF45-3 with hydropower
Minimum discharge scenario FF85-7 FF85-7 without hydropower

FF85-7 with hydropower

between the climate change scenarios and the baseline at Sanduizi Station
during the wet season were calculated. Based on the discharge ratio
values, the maximum, minimum and median scenarios, i.e., FF45-7,
FF85-7 and FF45-3, respectively, were selected (Table 1). The water dis-
charge ratio values for FF45-7, FF85-7 and FF45-3 were 1.12, 0.98 and
1.06, respectively. The scenario FF45-7 (ACCESS1-3 with RCP 4.5 from
2070 to 2099) represents the maximum increase in water discharge im-
pacted by climate change; FF85-7 (FIO-ESM with RCP 8.5 from 2070 to
2099) represents the minimum decrease in water discharge impacted
by climate change; and FF45-3 (IPSL-CM5B-LR RCP 4.5 from 2070 to
2099) represents the median observed increase in discharge.

For the baseline and each climate change scenario, two cases were
investigated:

- Without the influence of hydropower operation to evaluate the in-
dependent effect of climate change. For this case, the hydropower el-
ements were removed from the hydrological model.

- Including the influence of hydropower operation to evaluate the
combined effects of climate change and hydropower. For this case,
the complete hydrological model, including the hydropower ele-
ments, was used.
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Fig. 5. Comparison of measured and simulated daily flow discharge at Panzhihua and Shigu stations.

Therefore, a total of eight scenarios were employed in this study
(Table 2). Based on 30 years of water discharge data for each scenario,
the normal discharge years were selected using hydrologic frequency
analysis. Daily flow discharges and water temperatures in the study
river reach for the normal year for each scenario were predicted to pro-
vide data for the hydraulic and habitat models. Daily habitat suitability
and WUA were calculated for each scenario.

4. Results
4.1. Flow discharge and temperature

4.1.1. Model calibration and validation

The hydrological model of the JRB was calibrated using daily water
discharge data from 52 hydrological stations for the period
2010-2015, and was validated for the period 2016-2017. The model
was calibrated by maximizing the Nash and log-Nash values and mini-
mizing the relative volume bias. A comparison between the simulated

and measured flow discharges at the Panzhihua Station, which is
located just upstream of the study area, and the Shigu Station, which
is located in the upper reaches of the Jinsha River, are displayed in
Fig. 5. The model adequately reproduced the flow with good perfor-
mance indicators. For Panzhihua Station, the Nash and log-Nash values
were 0.77 and 0.88, respectively, and the relative volume bias was —1%.
For Shigu Station, the results were 0.78,0.92 and + 7%, respectively. The
model was also verified for the baseline period of 1981-2010. However,
for this period, only monthly data were available. For the verification at
Panzhihua Station, the Nash and log-Nash values were 0.94 and 0.93, re-
spectively, and the relative volume bias was +6%. For the verification at
Shigu Station, the results were 0.92, 0.92 and +8%, respectively.

The water temperature model of the studied river reach was cali-
brated using the water temperature data registered at Sanduizi Station
from 2012 to 2014. Fig. 6 shows the model results compared with the
observations at a daily resolution for the studied period. The general
performance of the model was good, and the seasonal variation in
water temperature was well reproduced. The Nash and RMSE values
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operation.

were 0.87 and 1.12 °C, respectively. The results showed larger differ-
ences during the months from October to January, during which the
modeled temperature tended to be lower than the measured tempera-
ture. It is worth mentioning that the temperature model was not able to
simulate the temperature exchanges in large reservoirs. This difference
was mainly due to the heat exchanges after the wet season when the
reservoirs tended to be full. However, the general results were satisfac-
tory, with a mean absolute difference between the modeled and mea-
sured water temperatures of 0.94 °C. The performance of the model
increased during the wet season (i.e., June to September), with a
mean absolute difference of 0.73 °C. The water temperature model
was employed to predict the daily water temperature for the baseline
and climate change scenarios without considering hydropower opera-
tion. For scenarios that considered the influence of hydropower, the
water temperatures were obtained by adjusting the modeled results
using the monthly mean temperature correction factor (Fig. 3) that de-
scribed in Section 3.4.

4.1.2. Future scenario modeling

Using the calibrated hydrological model, the flow discharge and
water temperature in the study area were predicted for the eight sce-
narios described in Section 3.1. Fig. 7 depicts the comparisons of the
monthly mean flow discharges between the baseline and climate
change scenarios. For the cases without hydropower (Fig. 7, left), the
flow discharges were generally higher under the climate scenarios
FF45-3 and FF45-7 (except for a distinct 14.2% decrease in July for
FF45-7 and a slight decrease in September for FF45-3). This tendency
changed under the FF85-7 scenario, where a general decrease can be de-
tected (except for a 13.6% increase in August). For the cases with
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hydropower (Fig. 7, right), the flow discharges further increased from
February to May (mostly >65%) under all climate scenarios; however,
they declined slightly over the rest of the year (except for some in-
creases >10% in September and October in FF45-7).

A comparison between the monthly mean water temperatures is
shown in Fig. 8. In general, the mean water temperature is expected
to increase in each month under the three climate scenarios without
the consideration of hydropower operation (Fig. 8, left). For each
month, the FF85-5 scenario increased water temperature the most,
while the FF45-3 scenario increased water temperature the least.
The mean temperature increases for FF45-3, FF45-7 and FF85-7 were
1.02 °C, 1.52 °C and 1.77 °C, respectively. For the climate change with
hydropower scenarios (Fig. 8, right), water temperatures decreased
from 0.2 to 1.4 °C in March and April and increased over the rest of
the year. Comparing with the climate change scenarios without hy-
dropower, the water temperatures further increased from August
to January for the climate change scenarios with hydropower; the
monthly mean increase in water temperatures in this period for
FF45-3, FF45-7 and FF85-7 were 2.19 °C, 2.79 °C and 2.91 °C,
respectively. Although the water temperature slightly decreased in
February, May and June in the climate change scenarios with
hydropower, they were still higher than the baseline.

4.2. Habitat suitability

4.2.1. Model verification

The habitat model for spawning fish was verified using 21 groups of
daily egg numbers estimated from the monitoring data from Jiaopingdu.
The model results showed that the daily number of eggs was well

H Baseline B FF45-3 with hydropower
m FF45-7 with hydropower ®FF85-7 with hydropower

Water temperature ('C)

4 5 6 7 8 9 10 11 12
Month

1 2 3

Fig. 8. Comparison of baseline and predicted monthly mean water temperatures at Sanduizi for different climate scenarios without considering (left) and with considering (right)

hydropower operation.
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Fig. 9. Relationship between the daily spawning egg numbers and the simulated WUA in
the studied river reach.

correlated with the WUAs (Fig. 9), with a Pearson correlation value of
0.79 (p < 0.05). This result indicated that the model was valid for the
simulation of habitat suitability for spawning C. guichenoti in the study
area. Because biomass data for juvenile C. guichenoti are lacking, the
habitat model for juvenile fish cannot be verified. However, river
reaches around the study area was regarded as important habitat for ju-
venile C. guichenoti based on ecology expert's experience in field
monitoring.

4.2.2. WUA-Q relationship

To exclusively analyze the relationship between flow discharge and
WUA, habitat suitability and WUA were calculated without including
the water temperature parameter in the model. The WUA was calcu-
lated for spawning and juvenile C. guichenoti for 17 different flow dis-
charges, i.e., from 500 m3/s to 3500 m3/s at 250 m>/s intervals and
from 3500 m>/s to 5500 m>/s at 500 m>/s intervals, respectively
(Fig. 10). The results revealed a unimodal relationship between the
WUA and flow discharge for spawning fish and a decreasing relation-
ship for juvenile fish. The suitable range of flow discharges for spawning
fish ranged from 750 m>/s to 3000 m°/s. The preferred flow discharge
values for juvenile fish were low (<1000 m/s), but the WUA remained
high and did not change drastically when the flow discharges were
larger than 1500 m?/s.

4.2.3. Future scenario modeling

Using the habitat models, the time series of daily WUA for spawning
and juvenile C. guichenoti were obtained and compared between or the
baseline and climate change scenarios (Fig. 11). For spawning fish, the
results showed a significant increase in WUA in April, May, September
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and October, and slight changes were observed from June to August in
the climate change without hydropower operation scenarios. Compari-
sons of the WUA between the scenarios of climate change with and
without hydropower operation showed that, under climate change
with hydropower operation, the WUA greatly decreased in April and
May (even close to baseline results) and greatly increased in September
and October, which indicated that hydropower operation restrained the
positive impacts of climate change on spawning habitat in April and
May and enhanced this impact in September and October (Fig. 11,
Spawning). Similar results were obtained for juvenile fish (Fig. 11, Juve-
nile). Because May is an important month for fish spawning, climate
change and hydropower operation are expected to exert opposite ef-
fects on reproductive activities in spawning periods.

The total WUAs (TWUA) of spawning and juvenile fish were calcu-
lated for all scenarios and were compared (Fig. 12). For juvenile fish,
the TWUA was calculated by adding the daily WUA values from a com-
plete year. Since the spawning period lasts from April to July, the TWUA
for spawning fish was calculated by adding the daily WUA across this
period. The changes in the TWUA were also calculated and displayed
in Table 3, in which the B, BH, CC, CCH represent the baseline, baseline
with hydropower, climate change and climate change with hydropower
scenarios, respectively. It was obvious that the TWUAs significantly in-
creased for both spawning and juvenile fish in the scenarios of climate
change without hydropower operation (Fig. 12, blue bar); this was es-
pecially true for spawning fish, for which the TWUAs increased by
>34% ((CC — B) / Bin Table 3). This effect was maximized in the FF85-
7 scenario and was weakest in the FF45-3 scenario. When considering
hydropower operation along with the climate change scenarios
(Fig. 12, red bar), a decrease in the TWUA was observed, which denoted
that hydropower operation had a negative impact on fish habitat. This
negative effect was obvious for spawning fish, for which the TWUAs de-
creased by>17% ((CCH — CC) /CCand (BH — B) / Bin Table 3). However,
compared to the baseline, the TWUAs were higher for both spawning
and juvenile fish under the scenarios with the combined impacts of cli-
mate change and hydropower operation (Fig. 12, (CCH — B) / B in
Table 3). In general, spawning fish were more sensitive to climate
change and hydropower operation.

5. Discussion

5.1. Impact of climate change and hydropower on flow discharge and water
temperature

A recent IPCC report (IPPC, 2001) revealed that the average global
temperature is expected to increase by 1.1-6.4 °C by the year 2100.
The warming air temperature is expected to cause an increase in snow-
melt in the upstream area of the JRB, resulting in an augmentation of
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Fig. 10. WUA-flow discharge relationship for spawning and juvenile C. guichenoti.
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Fig. 11. Comparison of predicted daily WUA for spawning and juvenile C. guichenoti in different scenarios.

river runoff. This has been well captured by the hydrological model in
the simulations of the FF45-3 and FF45-7 scenarios, especially during
the summer months (Fig. 7, left). One would expect the similar behavior
of flow discharges under the FF85-7 scenario (which uses the high-
emission scenario RCP8.5). However, the modeled results showed a
small decrease in the monthly mean flow discharge at Sanduizi (Fig. 7,
left). Since the studied river reach is in a dry-hot valley region
(Nanjun et al., 2002), rapid evapotranspiration is the dominant process
in this area, and evaporation losses in the reservoir are significant
(Zhang and Yang, 2014). Due to the flood control and power generation

requirements in the JRB, hydropower alters the river flow regime at
yearly, monthly and daily scales. For the studied river reach, the river
flow is controlled by the upstream Guanyinyan hydropower station on
the mainstream Jinsha River and by the Ertan hydropower station in
the Yalong River (Fig. 1). However, the hydropower stations upstream
and downstream of the studied river reach are cascaded, which makes
it difficult to predict consistent changes in river flow. Climate change
and hydropower would severely modify the annual flow regime in
this reach by reducing the magnitude, frequency, and duration of
flood peaks (Poff and Zimmerman, 2010). In the future, a more in-
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depth study could be performed using long-term hydrological data to
fully analyze alterations to the hydrological regime caused by climate
change and hydropower operation.

It was obvious from the prediction results that the warmer air tem-
perature induced by climate change was assumed to result in an in-
crease in water temperature, especially for the high-emission scenario
RCP8.5 (FF85-7, Fig. 8, left). However, hypolimnetic discharges from hy-
dropower stations change the water temperature regime downstream
of the dam. Water is vertically stratified by temperature in the reser-
voirs, and the dams are designed to discharge the cold bottom water
in the summer and the warm bottom water in the winter. Because of
the recent construction of dams in the mainstream channel of the Jinsha
River, the water temperature in the Jinsha River has become colder in
the spring but hotter in the winter compared with previous observa-
tions. Given the cumulative effects on water temperature from the cas-
caded dams, the time required for the water temperature to increase to
a certain normal degree can be delayed by one or more months (Wang
etal., 2009). The predicted results under the combined effects of climate
change and hydropower operation showed a clear decrease in water

Table 3

Changes in the TWUA under scenarios of climate change with and without hydropower
operation. (CC — B) / B represents the percent change of the TWUA impacted only by cli-
mate change. (BH — B) /Band (CCH — CC) / CCrepresent the percent change of the TWUA
impacted only by hydropower. (CCH — B) / B represents the percent change of the TWUA
impacted by both climate change and hydropower. B: baseline, BH: baseline with hydro-
power, CC: climate change without hydropower. CCH: climate change with hydropower.

Scenario (BH—B) /B (CC—B)/B (CCH—B)/B (CCH —cC)/cC
Spawning fish

FF45-3 —18.1% 34.8% 7.5% —20.2%

FF45-7 45.4% 18.8% —18.3%

FF85-7 54.2% 28.0% —17.0%

Juvenile fish

FF45-3 —2.5% 29.3% 24.5% —3.7%

FF45-7 33.2% 31.4% —1.3%

FF85-7 39.7% 34.7% —3.6%

temperature in March and April, and this decrease was close to baseline
conditions (Fig. 8, right). This indicated that the increase in water tem-
perature due to climate change could weaken the hypolimnetic effects
in the summer. However, the water temperature is expected to be fur-
ther increased in the autumn and winter months (i.e., October to Janu-
ary) under the combined warming effects of climate change and
hydropower operation (Fig. 8, right).

5.2. Impact of climate change and hydropower on fish habitat

Water temperature is regarded as the most important habitat factor
for C. guichenoti (Cheng et al., 2015). The prediction results showed that,
for both spawning and juvenile fish, the TWUAs increased in the climate
change scenarios (Fig. 12, blue bar). A comparison of the results of the
three climate change scenarios showed that the TWUA continued to in-
crease as the water temperature increased (Fig. 12, blue bar; Fig. 8, left).
The temporal shifts in the daily WUAs were different in different
months (Fig. 11). In April, May, September and October, the monthly
mean discharges (Fig. 7, left) were mostly outside of the suitable
range for fish habitat (Fig. 10); however, the daily WUASs significantly
increased. During the flooding periods (i.e., from early June to August),
the flow discharges in the climate change scenarios increased to become
more unsuitable, but the daily WUAs did not significantly change. These
results indicated that water temperature variation as a result of climate
change was likely to be a key factor influencing the habitat quality of
C. guichenoti in the future. Due to the expected increase in water tem-
perature as a result of global warming, warm-water fish species with
spawning periods in late spring and summer generally presented
broader spawning periods and may colonize many newly suitable
spawning sites (Kwon et al.,, 2015).

Compared to the scenarios of only climate change, the TWUA de-
creased under the scenarios with the combined effects of climate
change and hydropower, especially for spawning fish (Table 3). Cold
hypolimnetic discharges from reservoirs during the spawning months
are the main reason for the observed reduction in the TWUA compared
with the non-hydropower scenarios (Fig. 12, left). During the non-
spawning months (i.e., September and October), the WUAs further in-
creased due to the discharged warm water in the scenarios of climate
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change with hydropower operation. It was difficult to predict whether
there would be new habitats colonized in these months. For juvenile
fish, although the WUAs decreased in the summer, some increases
were observed in the autumn due to the impact of hydropower
(Fig. 12, right). For this reason, the TWUA decreased less when consid-
ering hydropower operation along with the climate change scenarios
(Table 3). However, suitable habitat areas still increased under the com-
bined impacts of climate change and hydropower operation compared
with the baseline conditions (Table 3). This means that climate change
is likely to reduce the negative impacts caused by hydropower opera-
tion on the habitat of the target fish. Indeed, the positive impacts of cli-
mate change on the habitat quality of warm-water and eurythermic fish
species have already been recorded (Null et al., 2012). Although the
spawning habitat suitability of the eurythermic fish species in the JRB
would be increased induced by climate change, the migration way
would be blocked by the cascade dams and the fish could not reach
the suitable spawning area. Therefore, the fish lifts and passages should
be constructed for the cascade dams to enhance the passibility of the
fish.

5.3. Potential impact on fish spawning

Due to the increase in water temperature caused by climate change,
the WUAS clearly increased in April, which is a non-spawning month
but directly precedes the spawning months. However, hydropower op-
eration caused a decrease in the WUA that was very close to the baseline
conditions observed in May (Fig. 11, Spawning, scenarios FF45-3 and
FF45-7). Such temporal changes in available habitat may shift the
spawning activities of C. guichenoti. Water temperature is the key factor
influencing spawning of the fish and the lowest spawning water tem-
perature is 18 °C (Tang et al., 2012). To avoid randomness and uncer-
tainty, the start spawning day (SSD) was defined as the first day of
five consecutive days in which the water temperature is >18 °C in this
study. The SSDs and the ranges of water discharge and temperature in
the five consecutive days for the different scenarios are displayed in
Table 4, where it is shown that the water temperature and discharge
in the five consecutive days are all within the suitable range for
spawning fish. The SSD in the baseline scenario occurred in the middle
of May (baseline in Table 4), but it shifted to the early June under the
impact of hydropower (baseline+ in Table 4). Indeed, recent studies
have shown that the spawning of C. guichenoti has been delayed by cas-
caded dam construction in the Jinsha River (Yang et al., 2017; Zhang
et al.,, 2018). The results in Table 4 show that climate change would
move the SSD forward several days, and this shift would be greater
than two weeks in scenario FF85-7 compared to the baseline. The SSD
could return to very close to the baseline in the scenarios of climate
change with hydropower operation, with the exception of scenario
FF85-7 with hydropower operation, in which the SSD shifts to an earlier
time. This indicated that although hydropower operation postponed the
spawning time, future climate change will likely restore the SSD to close
to natural conditions. There are 15 species that are recorded to spawn in

Table 4

The SSD and the range of water discharges (Q) and water temperatures (T) on the five
consecutive days for different scenarios. The symbol “+” represents scenarios with hydro-
power operation.

Scenarios SSD Q T

Baseline 5/19 2884-3162 18.1-18.7
Baseline+ 6/4 2765-3179 18.0-19.2
FF45-3 5/11 2891-3215 18.2-19.3
FF45-7 5/10 2578-3010 18.6-19.5
FF85-7 5/1 1917-2047 18.7-19.6
FF45-3+ 5/21 2546-2925 18.3-18.5
FF45-7+ 5/17 2925-3205 18.2-18.8
FF85-7+ 5/11 2619-3147 18.4-18.9

the Jinsha River, and most of them begin spawning at a water tempera-
ture of 18 °C or higher (Cheng et al., 2015). Considering the cumulative
effects of the ten cascaded dams on water temperature, the timing of the
rise in water temperature to 18 °C is expected to be delayed, ultimately
postponing the start of fish spawning by >1 month (Yun et al., 2006;
Wang et al., 2009). Hydropower operation is assumed to shorten the
spawning and growing seasons for young-of-the-year juveniles before
winter and would decrease their energy accumulation, thereby reduc-
ing their overwintering survival rates (Zhang et al,, 2011). Therefore, cli-
mate change will likely eliminate the negative effects caused by
hydropower operation on fish spawning, survival and population sizes
in the future.

Unlike the positive effects on warm-water fish, the spawning pe-
riods of cold-water fishes (generally in the early spring and winter)
would be shortened, and the available habitat areas are assumed to de-
crease (Comte et al., 2013). Many studies have documented negative ef-
fects on the habitat suitability of cold-water fish species, mainly for
salmonids. Cold-water fish species are mainly distributed in the upper
and middle mainstream regions of the Jinsha and Yalong rivers. Through
a sampling campaign conducted in 2013-2014, 17 cold-water fish spe-
cies were collected. The spawning water temperature range for nine of
these species has been determined. The spawning temperature of
these fish species are generally below 18 °C, and the spawning periods
are typically from autumn to early spring. It can be predicted that
these fish would be significantly affected by increases in water temper-
ature caused by future global warming. Meanwhile, there are many
planned cascade dams in the upper and middle mainstream of the
Jinsha and Yalong Rivers. Hydropower operation can increase the
water temperature by approximately 1-3 °C from October to January
(Fig. 3). Therefore, the spawning suitability of these cold-water fish spe-
cies will likely significantly decrease under the combined impacts of fu-
ture climate change and dam construction and operation. The spawning
periods are assumed to be shortened, and the spawning sites would dis-
appear; furthermore, these species may even be confronted with a pos-
sible risk of extinction in the JRB. Fish reproduction is a key life-history
stage, and further studies must be conducted to quantitatively analyze
the effects of climate change on the reproductive activity and egg incu-
bation, especially for cold-water fish species in the JRB.

5.4. Application of the modeling approach and results for river management

The hierarchical model approach proposed in this study helps to
model river conditions and represents a useful tool that can be used to
predict climate change and hydropower impacts on fish habitats. The
method is not limited to small-scale river reaches; rather, it can also
be used to model large river networks if sufficient data are available. Ad-
ditional variables can be included in future applications of the model
framework, including water level fluctuation, which may help to predict
hydrological effects on fish habitat. This could help in identifying the
main factors that influence fish and other aquatic organisms and in
predicting general trends triggered by changes in climate and hydro-
power operation. The construction and operation of large hydropower
stations in the JRB have already caused a series of ecosystem impacts, in-
cluding recent declines in fish populations and ecosystem degradation.
Some adaptive measures should be and have been employed to restore
and conserve fish habitat and populations, such as the restoration of
natural flow regimes, artificial reproduction and releasing, and con-
struction of fish passages (Cheng et al., 2015). However, climate change
and hydropower operation are expected to have disparate effects on dif-
ferent fish ecotypes (e.g., cold-water and warm-water fish species);
thus, adaptive measures must be customized for each particular case.
Moreover, the present work can help managers compare the cost and
effectiveness of restoration measures and propose long-term measures
under the background of climate change and hydropower construction
in the JRB.
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6. Conclusions

In this study, a multi-scale coupled eco-hydrological-hydraulic
model framework was developed to predict and analyze the impacts
of climate change and hydropower operation on the habitat suitability
of spawning and juvenile C. guichenoti in a reach of the Jinsha River.
The hierarchical model framework included global circulation models
that were downscaled to the regional JRB, a hydrological model of the
JRB used to predict flow discharge at the basin scale, a water tempera-
ture model and a 1D hydraulic model at the segment scale, and a 2D hy-
draulic model and a fuzzy logic-based fish habitat evaluation model at
the studied river reach. Using scenario predictions, the changes in
flow discharge and temperature and their influence on fish habitat suit-
ability were evaluated along the model cascade. Model simulations re-
vealed that (1) the magnitude and direction of the change in flow
discharge varied for different scenarios of climate change with and
without hydropower; (2) water temperature increased for all climate
change scenarios, but it decreased in spring and summer and further in-
creased in autumn and winter due to the impacts of hydropower oper-
ation; (3) temporal changes in the habitat suitability of spawning and
juvenile fish shifted due to the impacts of climate change and hydro-
power operation. The weighted usable habitat areas (WUAs) increased
under the impact of climate change, but this positive effect was reduced
when the impacts of hydropower operation were considered. However,
the WUA ultimately increased under the combined effects of future cli-
mate change and hydropower operation. (4) Water temperature rise
impacted by climate change and changes in the water temperature re-
gime due to hydropower operation were the main reasons for the ob-
served opposite effects on fish habitat. (5) Climate change is expected
to move the spawning time and reduce the negative impacts on the tar-
get fish and other warm-water fish species following hydropower oper-
ation in the JRB. (6) Climate change will likely aggravate the negative
effects induced by hydropower operation on spawning for cold-water
fish species, as both would probably increase the water temperature

Appendix A. Appendix

Table A-1

during spawning periods, which deserves more research in the future.
The different impacts among species are assumed to induce variations
in fish community structures and would eventually result in various
ecological responses, including alterations in species distributions, bio-
diversity, productivity, and food web structures and functions. There-
fore, some adaptive and long-term measures should be formulated to
protect the river ecology against climate change and hydropower con-
struction in the JRB.

Prediction tools such as that described in this work are key
instruments to quantify how the habitat quality and distribution of
fish species with different ecotypes will be altered by a changing
environment. However, this is a challenging task due to the complex
interactions of the many factors involved. Although this work
focused on the effects of varying flow discharge and water tempera-
ture, other factors such as river morphology, water quality or
biological factors (including food resources and predators) are
also important. An improvement to the proposed methodology
should rely on more complex models that include these factors.
Moreover, if more observed ecological data were to become avail-
able, the effects on fish habitat would be better predicted and more
reliable.
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Fuzzy rules of water temperature (T), water depth (D), flow velocity (V) and habitat suitability index (HSI) for spawning C. guichenoti. VL—very low; L—low; M—medium; H—high; VH—

very high; WHE—whatever.

T D \ HSI T D \ HSI T D Vv HSI
VL WHE WHE L M VL VL L H VL VL L
L VL VL L M VL L L H VL L L
L VL L L M VL M L H VL M L
L VL M L M VL H L H VL H L
L VL H L M VL VH L H VL VH L
L VL VH L M L VL L H L VL L
L L VL L M L L M H L L L
L L L L M L M H H L M M
L L M M M L H M H L H L
L L H L M L VH L H L VH L
L L VH L M M VL L H M VL L
L M VL L M M L H H M L L
L M L L M M M VH H M M M
L M M M M M H H H M H L
L M H L M M VH L H M VH L
L M VH L M H VL L H H VL L
L H VL L M H L M H H L L
L H L L M H M H H H M M
L H M M M H H M H H H L
L H H L M H VH L H H VH L
L H VH L M VH VL L H VH VL L
L VH VL L M VH L L H VH L L
L VH L L M VH M L H VH M L
L VH M L M VH H L H VH H L
L VH H L M VH VH L H VH VH L
L VH VH L VH WHE WHE L




P. Zhang et al. / Science of the Total Environment 646 (2019) 1624-1638 1637

Table A-2

Fuzzy rules of water temperature (T), water depth (D), flow velocity (V) and habitat suitability index (HSI) for juvenile C. guichenoti. VL—very low; L—low; M—medium; H—high; VH—very

high; WHE—whatever.
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