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A B S T R A C T   

Flow discharge and anthropogenic activities influence the composition and configuration of habitat patches in 
river ecosystems. Understanding the response of habitat landscapes and the corresponding fish habitat quality is 
crucial for river management. We investigated the reaction of fish habitat suitability and variant flow discharge 
performance in examining aquatic habitat patch fragmentation. The hydraulic simulation and fish habitat 
calculation were used to determine the flow characteristics, habitat conditions, and river landscapes. FRAG-
STATS was applied to explore the composition and configuration of habitat patches. Cluster analysis and logistic 
regression were employed to compute the spatiotemporal variabilities of riverscape indices and establish the 
relationship between riverscape attributes and fish habitat quality. The results indicate that the changes in 
specific habitat features are associated with the riverscape indices of total edge (TE), mean nearest-neighbor 
distance (MNN), interspersion and juxtaposition index (IJI), mean patch size (MPS), and area-weighted mean 
patch fractal dimension (AWMPFD). The flow discharge is the key to determining habitat fragmentation in rivers, 
with natural barriers occurring at low flow. In contrast, weirs are anthropogenic obstacles that have significant 
adverse effects on the downstream corridor. A priority restoration activity to conserve river habitat is to create 
refuge pools during dry seasons by modifying channel morphology. The positive correlation between habitat 
suitability and MPS and the negative relationship between habitat suitability and AWMPFD highlight the patch 
size and shape complexity that are critical indices for pool creation. The prediction of the landscape attributes of 
the outcomes under different scenarios could support the decision-making in river management. The innovative 
integrated method presented in this study provides a solid foundation and supports the implementation of 
nature-based solutions for sustainable river management.   

1. Introduction 

The term ‘habitat’ refers to the living space of biota and which ex-
hibits spatial and temporal variability, suggesting that integrated 
habitat information can be applied to, for example, river health evalu-
ations and river management (Maddock, 1999). The quantity and 
quality of fish habitat is an essential component of river ecosystems 
(Zhang et al., 2020). Both hydrological conditions and physical char-
acteristics such as water depth and flow velocity are considered the main 
factors in forming fish habitats (Li et al., 2015). Habitat suitability 
models that consider the relationship between hydrological factors and 
habitat conditions have been applied to assess the vulnerability of 

habitats to climate change (Hlohowskyj, 1996), predict fish distributions 
(Guay et al., 2000), evaluate the impacts of channel modification 
(Booker and Dunbar, 2004), analyze the effects of structures in channels 
(He et al., 2009), guide decision making for river restoration programs 
(Gillenwater et al., 2006; Zhou et al., 2014), develop reservoir operation 
management practices (Yi et al., 2010; Li et al., 2011; Wen et al., 2016), 
evaluate seasonal habitat variations (Nukazawa, 2011), assess habitat 
quality (Mocq et al., 2013), and determine environmental flow (Stamou 
et al., 2018). Ecological variables across multiple spatial scales are 
critical when creating refuges and maintaining landscape-level pro-
cesses (Labbe and Fausch, 2000). However, habitat suitability models 
usually focus on the size of suitable habitat for indicator species, with 
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less consideration of the fragmentation and connectivity between 
habitat patches (Li et al., 2015). 

River engineering projects, such as the construction of dams and 
weirs, impact the river environment in spatial and temporal dimensions 
(Poff et al., 2007; Peipoch et al., 2015). Natural hydrology also in-
fluences the diversity, spatial arrangement, temporal turnover, and 
connectivity of habitats in intermittent rivers, which sustain habitat 
heterogeneity and control the biodiversity and biogeochemical cycle in 
the river (Datry et al., 2016). The need for research on the mechanisms 
underlying riverscape complexity and for prediction of the impacts and 
consequent ecological responses to human disturbances (Wohl, 2017) 
and alternating flow (Leigh et al., 2016) has increased. Previous studies 
indicated that the composition and configuration of habitat patches in 
streams influence biological patterns and processes (Pringle et al., 1988; 
Lowe et al., 2006; Isaak et al., 2007; Pichon et al., 2015). Lee et al. 
(2019) characterized the steep landscapes of rivers in Taiwan as having 
a difference of elevation of up to 4000 m, a horizontal distance of more 
than 75 km, and an uneven distribution of precipitation in which 70% of 
the annual rainfall occurs from May to October. In response to the high 
slope and rainfall variability, most of the rivers in Taiwan are inter-
mittent rivers leading to unusual drying and rewetting events and 
influencing the composition and configuration of habitat patches. Un-
derstanding the variation in habitat patches can help determine the 
relationship between instream biota and habitat and enhance 
nature-based river management. The objectives of this study were to (1) 
develop a statistical model to reveal the relationship between habitat 
landscapes and fish habitat suitability with highly variable flow amounts 
of an intermittent river, (2) quantify the influences of flow regime and 
the human disturbances on river connectivity and habitat fragmenta-
tion, and (3) identify the reaction of fish habitat quality to different 
scenarios and implications for prioritization of restoration and river 
management. 

2. Materials and methods 

2.1. Study area 

The study area was located in the Wu River, which at about 120 km is 
one of the major rivers in central Taiwan. Dikes channelize about 60% of 
the river with a length of approximately 70 km and a catchment area of 
about 2000 km2. Anthropogenic activities have strongly altered the 
natural fluvial system in the Wu River. There are lateral structures, 
including weirs for power generation and irrigation, consolidation 
works for riverbed stabilization, and many bridges for transportation 
across the main channel of the river (Water Resources Planning Institute, 
WRA, MOEA, 2005). Weirs mainly affect river topography and river 
slope and corresponding water flow conditions and habitat character-
istics rather than flow. The change of flow in this study was to set 
different flows as boundary conditions of CCHE2D to explore shifts in 
habitat types and riverscape indices. 

According to the Wu-chi Bridge gauge station records in the Wu 
River, the daily flow discharges in the study area ranged from 14,115 to 
29,875 m3/s -day over the past ten years (2010–2019), as shown in 
Figure A1. Daily discharge ranged from 0.53 m3/s to 1212.32 m3/s, 
indicating high variation in wet and dry seasons. At the same time, the 
annual mean discharge varied between 38.67 m3/s and 81.62 m3/s. The 
designed discharge of the 2-year, 10-year, 50-year, and 100-year return 
period floods were determined at 2450 m3/s, 5200 m3/s, 8360 m3/s, and 
9800 m3/s, respectively (WRA, MOEA, 2014). The assessment of hy-
draulic and habitat conditions in the Wu River can be categorized into 
three spatial scales, micro-, meso-, and macroscale. Microhabitats (a few 
meters to a few kilometers), mesohabitats (a few kilometers to tens of 
kilometers), and macrohabitats (a few kilometers to hundreds of kilo-
meters) refer to specific locations, reach, and watersheds (Yi et al., 
2017). This study focused on the midstream of the Wu River, and we 
chose four reaches: Yanfeng Bridge to Eastern-Caotun System 

Interchange (Upstream-I); Highway No.6 to Highway No.3 (Upstrea-
m-II); Huanzhong Road to Maoluo River (Midstream-III); and Road 74 to 
Dadu Bridge (Midstream-IV) as the primary study area (Fig. 1). These 
four reaches were the habitats of the two endemic fish species assessed 
in this study and included river weirs, which were the main focus of 
discussion about habitat fragmentation and river corridor disruption. 

2.2. Simulation of hydraulic characteristics 

2.2.1. Model frame and overview 
The hydraulic characteristics in the four focused reaches under 

different discharge rates were simulated by coupling the one- 
dimensional model HEC-RAS and the horizontal two-dimensional 
model CCHE2D. The combination of the one- and two-dimensional 
models due to the lack of in-situ data was suggested by previous 
studies (Lee and Shih, 2004; Shih et al., 2008, 2019). Two models per-
formed steady-state flow simulations considering different flow sce-
narios. The flow discharge and water level of the connecting 
cross-sections of HEC-RAS and CCHE2D models were consistent. Thus, 
this integrative model method meets the conservation of mass (flow 
discharge) and momentum (water level, conveyance area, and 
depth-averaged flow velocity). 

HEC-RAS was applied to simulate the water level of each cross- 
section throughout the whole study area, while CCHE2D was conduct-
ed to calculate the water depth and flow velocity of each patch in the 
specific reaches. The water levels at the four reaches (Upstream-I, 
Upstream-II, Midstream-III, and Midstream-IV) simulated by the HEC- 
RAS model were set as the downstream boundary conditions of the 
CCHE2D model. The flow velocity and water depth calculated by the 
CCHE model established by this study serve as the basis for the habitat 
classification, riverscape index, and habitat suitability index values 
(Fig. 2). The HEC-RAS model was developed by the United States Army 
Corps of Engineers based on the energy equation, as shown in Equation 
(1) (Brunner, 2016). The model has been applied to simulate river net-
works under subcritical, supercritical, and mixed flow conditions. The 
CCHE2D model was developed by the National Center for Computa-
tional Hydroscience and Engineering (NCCHE) based on the continuity 
equation and momentum equations, as shown in Equations (2)–(4) 
(Zhang, 2005). 
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where u  and  v are the depth-integrated velocity components in the x 
and y directions; g is gravitational acceleration; Z is the water surface 
elevation; ρ is water density; h is the local water depth; fCor is the Coriolis 
parameter; τxx, τxy, τyx, and τyy are the depth-integrated Reynolds 
stresses; τbx and τby are shear stresses on the bed surface. 

2.2.2. Boundary conditions and model parameters 
To understand the habitat performance under the normal condition 

and flood event, three scenarios, low-flow, mid-flow, and high-flow, 
were considered. We used the records of the daily discharges at the 
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Wu-chi Bridge from 1980 to 2019 as a reference to define the normal 
condition (low-flow and mid-flow). The minimum daily flow (5 m3/s) 
and the annual mean daily flow (56 m3/s) were determined as the 
discharge for the low-flow and mid-flow situations, while the 2-year 
return period flood flow with a discharge of 2450 m3/s was adopted 
as the design discharge for the high-flow scenario (WRA, MOEA, 2014). 
In the simulation, the upstream boundary condition was the design 
discharge, and the downstream boundary condition was the normal 
water depth at Dadu Bridge (Fig. 1). The number of the cross-sections in 
HEC-RAS was 68, and the spacing between each cross-section ranged 
from 250 m to 850 m. The geometry of the river channel was based on 
official cross-sectional bathymetry data from the Third River Manage-
ment Office, WRA, in 2013. We further used the cross-sectional ba-
thymetry data to interpolate the 2D geographic maps at the four focused 
reaches by using linear interpolation per spacing of about 2–5 m in the 
CCHE-2D model domain (Figure A2). Manning’s n values in the simu-
lation were initially estimated per the suggestion by Cowan (1956) and 
the field conditions (Third River Management Office, WRA, 2006), 
ranging from 0.020 to 0.060. Cowan (1956) for additive resistance 
consists of additions to roughness for various riverbed structures and 
floodplain vegetation. They were finally determined by the model cali-
bration process in this study. 

2.3. Riverscape indices 

To elucidate the riverscape indices, we used a satellite image ac-
quired in April 2015 (Spatial Information Research Center, National 
Taiwan University, 2015) as the base map and divided the river land-
scape. The accuracy of the satellite image was about 2 m. The river was 
categorized into dryland (pavement, vegetation, and barren land) and 
water. In the water areas, four classes of landscape features, runs, pools, 
riffles, and slacks, were further identified. The results of the hydraulic 
characteristics simulation supported the quantification of the habitat 
types. There were four types of habitats, including run, pool, riffle, and 
slack, according to the suggestions of Chuang et al. (2016). Runs were 
waters with water depths greater than 0.3 m and velocities higher than 
0.3 m/s; pools were waters with water depths greater than 0.3 m and 
velocities less than 0.3 m/s; riffles were waters with water depths less 

than 0.3 m and velocities higher than 0.3 m/s; slacks were waters with 
water depths less than 0.3 m and velocities less than 0.3 m/s. 

Landscape composition and landscape configuration reflect the 
characteristics of the patches composing a mosaic and the spatial dis-
tribution of the patches within a mosaic, respectively, and these metrics 
are the main components of landscape ecology. Composition describes 
the features associated with the variety and abundance of patch types, 
whereas configuration illustrates the spatial character and arrangement, 
position, or orientation of patches (McGarigal et al., 2015). To charac-
terize the spatial phenomena of the habitat landscapes in the study area, 
we abstracted twelve habitat mosaics with diameters of 1 km at the four 
focused reaches. FRAGSTATS software, which was developed by the U.S. 
Department of Agriculture (USDA) (McGarigal et al., 2012), was applied 
to analyze the composition and configuration of habitat patches, 
including runs, pools, riffles, and slacks, at the twelve habitat mosaics. 
The landscape pattern, area, patch, edge, shape, nearest-neighbor, and 
contagion and interspersion aspects were computed via the following 11 
indices: (1) proportion of landscape (PLAND); (2) number of patches 
(NP); (3) mean patch size (MPS); (4) total edge (TE); (5) edge density 
(ED); (6) mean shape index (MSI); (7) area-weighted mean shape index 
(AWMSI); (8) mean patch fractal dimension (MPFD); (9) area-weighted 
mean patch fractal dimension (AWMPFD); (10) mean nearest-neighbor 
distance (MNN); (11) interspersion and juxtaposition Index (IJI). The 
indices of NP and MPS are related to the patch size and variability; TE 
and ED indices are related to the edge density; the indices of MSI, 
AWMSI, MPFD, and AWMPFD are related to the complexity of patch 
shape. The patch size, patch variability, edge density, complexity of 
patch shape, nearest-neighbor distance (MNN), and interspersion and 
juxtaposition (IJI) represent the landscape configuration that may affect 
the ecological process such as population spread, ecological stability, 
survival opportunities, migration (McGarigal and Marks, 1994). 

2.4. Habitat suitability 

Since the 1980s, habitat models based on physical factors and their 
relations to target species have been used to evaluate habitat suitability 
(Bovee, 1982), and these models have become essential tools for river 
management (Mouton et al., 2007). In the Wu River basin, 47 fish 

Fig. 1. Study Area was located in the midstream of the Wu River. This study focused on four reaches, Yanfeng Bridge to Eastern-Caotun System Interchange 
(Upstream-I), Highway No.6 to Highway No.3 (Upstream-II), Huanzhong Road to Maoluo River (Midstream-III), and Road 74 to Dadu Bridge (Midstream-IV). A weir 
was constructed across the river for water allocation in the Upstream-II reach. 
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species were recorded, including two endemic species, Opsariichthys 
pachycephalus and Rhinogobius candidianus (Water Resources Planning 
Institute, WRA, MOEA, 2005). Due to the anthropogenic activities in the 
study area, the natural river system was disturbed, and the habitat was 
damaged. Hence, restoring fish habitat and improving habitat quality is 
aimed primarily at the endemic species in the original ecosystem. 

We choose the two endemic fishes O. pachycephalus and 
R. candidianus as the indicator species to representing different habitat 
preferences. O. pachycephalus is a migration-limited fish, while 

R. candidianus is habitat-limited fish. The habitat suitability index (HSI) 
was calculated based on habitat characteristics and the impact of the 
habitat on indicator species (U.S. Fish and Wildlife Service, 1981). The 
HSI score ranged from 0 for the least suitable habitat to 1 for the opti-
mum habitat. 

The WRA (2010) developed habitat suitability curves (Figure A3) for 
the two indicator species in the Wu River and noted that both flow ve-
locity and water depth were the key habitat characteristics. The HSI 
could thus be calculated as the geometric mean of the equally weighted 

Fig. 2. Research framework and working flowchart.  
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suitability indices related to flow velocity and water depth, as shown in 
Equation (5). The critical habitat characteristics used to estimate habitat 
suitability, flow velocity, and water depth were obtained from the 
simulation of the hydraulic characteristics, and the habitat suitability 
curves developed by the WRA (2010) were referenced to determine the 
scores of the suitability indices. 

HSI =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
SIv × SId

√
(5)  

where SIv and SId are the suitability indices of flow velocity and water 
depth. 

2.5. Statistical analysis 

Cluster analysis was conducted to identify the level of similarity of 
the composition of landscape features between the four focused reaches 
and the riverscape indices at the twelve habitat mosaics under variant 
flow scenarios. The statistics package, PAleontological STatistics (PAST) 
version 3.26 (Hammer et al., 2001), was used to do the cluster analysis. 
In the study, we used the clustering algorithms of the unweighted 
pair-group average (Sokal and Michener, 1958) and the similarity index 
of Pearson correlation (Pearson, 1895). As shown in Equation (6) (Cox, 
1958), the logistic regression model was applied to examine the rela-
tionship between riverscape indices and habitat suitability at the twelve 
habitat mosaics in the four focused reaches. 

Five thresholds were set in the analysis for river management, such 
as HSI>0.05, HSI>0.10, HSI>0.15, HSI>0.20, and HSI>0.25. The 
higher the HSI threshold score, the greater the river management efforts 
that need to be invested. When HSI is less than 0.25, it means low- 
quality habitat. Conversely, when HSI is higher than 0.25, it repre-
sents suitable fish habitat conditions (Elkins et al., 2007). The HSI was 
assigned as the dependent variable in the model with binary values, yes 
(marked “1′′) and no (labeled “0′′). When the HSI was higher than the 
threshold, the dependent variable was “yes”. On the other hand, the 
dependent variable was “no” when the HSI was less than the threshold. 
The statistical results revealed that the relationship was not statistically 
significant, as the p-value was higher than 0.05. 

ln
(

πi

)

= ln
(

pi(x)
1 − pi(x)

)

= β0 + β1xi1 + β2xi2 +…+ βmxim (6)  

where πi is the odds ratio; pi(x) is the conditional probability; xi1、xi2… 
xim represents the ith sample of the mth variable (i.e., riverscape index). 

3. Results 

3.1. Hydraulic characteristics 

We used the water level simulated by the HEC-RAS model at each 
focused reach as the downstream boundary condition for the simulation 
in the CCHE2D model, which conducts steady-state flow simulations, 
while water levels and water depths do not change with time in each 
simulation. The historical water levels were used to compare with the 
HEC-RAS model simulation results to determine the Manning’s n value 
of the models. The results indicated that the model simulations were 
generally similar to the historically measured water levels (Figure A4a). 
In addition, the water level simulated by the CCHE2D model was 
compared with the water level simulated by the HEC-RAS model to 
validate the CCHE2D simulation results (Figure A4b). Manning n values 
were assumed to be a constant value in the model corresponding to 
different land covers (Figure A5). This means that uncertainty about the 
accuracy of the modeling slightly varies for different land covers. We 
used CCHE2D to generate horizontal two-dimensional hydraulic char-
acteristics, the spatial distribution of water depth, and velocity under 
different flow scenarios (Figure A6 and Figure A7). 

The low-flow situation resulted in interrupted surface flows. In the 
low-flow condition, dryland was the leading landscape type in all four 

focused reaches, with area proportions from 77% (Midstream-IV) to 
89% (Upstream-II). The increased discharge resulted in increased water 
depth and velocity. Except for the Midstream-III reach, the primary 
landscape type under the high-flow scenario was water in all reaches. 
Among the four reaches, the proportions of water areas increased from 
upstream to downstream from 20% to 53%, 11%–58%, 14%–26%, and 
23%–70% due to the increase in flow discharge (Fig. 3a). There are two 
primary clusters of the relative proportion of areas for the landscape 
features at the four focused reaches under different flow scenarios with a 
similarity of 0.46, which the Upstream-I, Upstream-II composited, and 
Midstream-IV reaches under the high-flow scenario (Fig. 3b). The result 
implied that, except for the Midstream-III reach, the landscape config-
urations in the other reaches are changed due to the increased flow to 
the discharge of 2450 m3/s (high-flow scenario). 

3.2. Landscape features 

The land cover within the four focused reaches based on the satellite 
image is shown in Fig. 1. Barren land accounted for most of the land 
cover in the reaches. In the midstream areas (Midstream-III and 
Midstream-IV), vegetation also covered large areas with proportions of 
35–36%. The water, run, pool, riffle, and slack landscape features were 
further classified in each reach based on the simulation of the hydraulic 
characteristics. The results indicate that the main water features under 
the low-flow and high-flow scenarios were pools (8–17%) and runs 
(12–60%). In the mid-flow situation, the main water feature was runs 
(8–12%) in the Upstream-I and Upstream-II reaches, while it was pools 
(9–13%) in the Midstream-III and Midstream-IV reaches (Fig. 4a). Two 
main clusters were discovered with a similarity of 0.08 according to the 
cluster analysis for the relative proportion of areas for the landscape 
features (Fig. 4b). The four focused reaches composited one group under 
the low-flow situation, and the Midstream-III and Midstream-IV under 
the mid-flow scenario. The prominent landscape features were pool, 
whereas it was run in the other group. The result revealed that the effect 
of variant discharges on the landscape configuration was different be-
tween reaches. The significant change of the landscape configuration 
was found at the Upstream-I, and Upstream-II reaches while the flow 
discharge increased to 324 m3/s (mid-flow scenario); the difference was 
observed at the Midstream-III and Midstream-IV reaches until the flow 
discharge increased to 2450 m3/s (high-flow scenario). 

3.3. Riverscape indices 

Twelve habitat mosaics with diameters of 1 km were extracted from 
the landscape distribution in the four focused reaches to elucidate the 
riverscape indices of the four landscape features, such as runs, pools, 
riffles, and slacks (Figure A8). The riverscape indices at the twelve 
habitat mosaics were obtained from FRAGSTATS software (Table A1). 
The box plots of the riverscape indices (Fig. 5a) show that the median of 
NP at the four landscape features in the low-flow scenario was higher 
than that in the high-flow situation. The maximum MPS occurred in the 
runs under the high-flow scheme. From the aspect of the edge density, 
the TE and ED values decreased in pools and increased in runs because of 
the increased discharge. The diversity of the indices in terms of the 
shapes of the runs was apparent due to the diverse discharge conditions. 
The MNN between patches of slacks was the longest under the high-flow 
scenario. In all features except for riffles, the increased median and 
reduced diversity of IJI due to the increased discharge were apparent. 
The variety of the riverscape indices performance under different situ-
ations was obtained with the lowest definite similarity between 0.14 
(TE) to 0.44 (MSI) and the negative similarity between − 0.24 (IJI) to 
− 0.15 (MNN), as shown in Fig. 5b. The most significant effect on the 
riverscape indices to the flow discharge regarded the indices of TE for 
the aspect of edge density, MNN for the aspect of the nearest-neighbor, 
IJI for the aspect of contagion and interspersion, MPS for the aspect of 
patch size and diversity and then AWMPFD for the aspect of shape. In 
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addition, the diversity on the riverscape indices of MPS, ED, MSI, 
AWMSI, MPFD, AWMPFD, and MNN was observed while the flow 
discharge increased to 324 m3/s (mid-flow scenario). For the riverscape 
indices of NP, TE and IJI, the diversity was found until the flow 
discharge increased to 2450 m3/s (high-flow scenario). 

3.4. Habitat suitability 

In the 12 habitat mosaics, the average HSI values for the indicator 
species O. pachycephalus and R. candidianus are shown in Fig. 6. The 
highest HSI occurred in the Midstream-III reach, which indicated that 
the reach was the most suitable habitat for both indicator species within 
the four focused reaches. Moreover, the average HSI values for 
O. pachycephalus at the 12 habitat mosaics under the low-flow, mid-flow, 
and high-flow scenarios were 0.06, 0.09, and 0.08, while these values 
were 0.06, 0.08, and 0.08 for R. candidianus. Among the habitat mosaics, 
the average HSI values in water were 0.16, 0.21, and 0.10 for 
O. pachycephalus and 0.16, 0.21, and 0.09 for R. candidianus under the 
low-flow, mid-flow, and high-flow scenarios. For both species, approx-
imately 30% in the low-flow, 40% mid-flow, and 15% of the high-flow 
areas in the waters had HSI values higher than 0.25. Further analysis 
of the box plots of the HSI at each landscape feature is shown in Fig. 7. 
This figure reveals similar results for both indicator species under 
different flow scenarios. Overall, the maximum median HSI was 
observed in riffles. 

3.5. Relationship between riverscape indices and habitat suitability 

The riverscape indices that exhibited statistically significant impacts 
on habitat suitability based on the logistic regression model are shown in 
Fig. 8. In the pool and riffle habitat patches, a substantial correlation 
between habitat suitability and riverscape indices was observed, except 

for the case when the threshold (HSI) was higher than 0.25. For the pool 
habitat patches, the positive correlation between the suitability of 
O. pachycephalus habitat and MPS and the negative relationship between 
habitat suitability and AWMPFD were notable. Besides, in the riffle 
habitat patches, there was a strong positive correlation between habitat 
suitability and AWMPFD, and a negative correlation between habitat 
suitability and MPFD. Compared with the results for the R. candidianus 
habitat, except for the positive relationship between habitat suitability 
and AWMPFD in the riffle habitat patches, similar trends in the corre-
lations were observed. 

4. Discussion 

4.1. Restoration priority of habitats and implied river management 

We found that both low-flow regime and human disturbance affect 
the connectivity of the river and consequently lead to habitat frag-
mentation and river corridor disruption. There were 278 days with a 
discharge lower than the annual mean flow discharge (56 m3/s), sug-
gesting that most of the time in the study area is under low-flow con-
ditions (Figure A1b). Unfortunately, climate change may aggravate the 
degradation and fragmentation of fish habitat in freshwater environ-
ments (Morrongiello et al., 2011). In Taiwan, over the past thirty years, a 
decreasing trend of − 4 days per decade in the number of light rain days 
(daily rainfall <1.0 mm) and a significant increasing trend in torrential 
rain (defined as daily rainfall greater than 200 mm) have been observed 
(Council for Economic Planning and Development, 2012). This raises 
concerns about the responses of river landscape and habitat suitability to 
flow discharge and the associated strategies for river restoration and 
management. As shown in this study, the flow permanence predicted by 
numerical models can provide an understanding of the landscape dis-
tribution and the changes in habitat quality in response to alterative 

Fig. 3. (a) Stacked bar plot and (b) Cluster dendrogram of the relative proportion of areas for the landscape features at the four focused reaches under different 
flow scenarios. 

Fig. 4. (a) Stacked bar plot and (b) Cluster dendrogram of the relative proportion of areas for the landscape features in the water (run, pool, riffle, and slack) at the 
four focused reaches under different flow scenarios. 
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flow discharge. The landscape features, riverscape indices, and habitat 
suitability differed according to the location and flow discharge. 

Yarnell et al. (2015) suggested that the river flow has significant 
relationships with the river geomorphology and river ecosystem. The 
findings in relation to the responses of river landscape to the flow 

discharge were detected in basin-scale and reach scale (Li et al., 2001; 
Wallis et al., 2012). Consistent with the previous studies, the change of 
the landscape configuration in the reaches to the different flow 
discharge is observed in this study based on the diversity of the relative 
proportion of areas for the landscape features under different flow 

Fig. 5. (a) Box plots of riverscape indices for the four landscape features, run, pool, riffle, and slack, at the 12 habitat mosaics under different flow scenarios. The 
indices are related to the aspects of landscape pattern: patch size and diversity - number of patches (NP) and mean patch size (MPS); edge density - total edge (TE) and 
edge density (ED); shape - mean shape index (MSI), area-weighted mean shape index (AWMSI), mean patch fractal dimension (MPFD) and area-weighted mean patch 
fractal dimension (AWMPFD); nearest-neighbor - mean nearest-neighbor distance (MNN); contagion and interspersion - interspersion and juxtaposition index (IJI). 
(b) Cluster dendrogram of the riverscape indices under different flow scenarios. 

Fig. 6. The average HSI for O. pachycephalus and R. candidianus under the low-flow, mid-flow, and high-flow scenarios.  
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scenarios. Besides, the micro-scale changes with the specific landscape 
features are also evidenced in this study, especially for the riverscape 
indices of TE, MNN, IJI, MPS, and then MPFD. The prediction of the 
landscape attributes of the outcomes under different scenarios could 
support further decision-making in river management. For example, 
Tamagnone et al. (2020) quantify the spatial configuration and temporal 
dynamics of the landscape structures before and after implementing the 
river restoration plan in the Orco river in Italy. Their results concluded a 
new composition characterized by the increased patch density, and ED 
features the responses on the landscape fragmentation and heteroge-
neity to the restoration activities. 

It is also essential to notice that large areas of dry patches act as 
barriers that block fish movement in the low-flow scenario with the 
minimum average daily flow (5 m3/s). The landscape composition and 

configuration are changed due to the increased flow discharge in the 
aspect of edge density, nearest-neighbor, contagion and interspersion, 
patch size and diversity, and shape with a great variety under different 
flow scenarios. Preserving refuge pools has been indicated as the leading 
mechanisms to enhance environmental stability, particularly in the 
riverine system with an intermittent flow (Paloumpis, 1958; Larimore 
et al., 1959; Meffe and Minckley, 1987; Chapman and Kramer, 1991; 
Lohr and Fausch, 1997; Labbe and Fausch, 2000; Perry and Bond, 2009; 
Beesley and Prince, 2012). The barriers that were revealed in this study 
under the low-flow scenario highlight the need for a refugee for fish 
during the dry season. Except for in the Midstream-IV reach, the pre-
dicted pool area within the reaches was less than 10% under the 
low-flow scenario. Under the mid-flow scenario with a flow discharge of 
56 m3/s (average annual flow), the increase in flow discharge increased 

Fig. 7. HSI for O. pachycephalus under the (a) low-flow, (c) low-flow, and (e) low-flow scenarios, and R. candidianus under the (b) low-flow, (d) low-flow, and (f) low- 
flow scenarios. 
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the areas of runs rather than the areas of pools. This result implies that 
the vital measure to create pools for fish refugee during the dry season is 
a modification of the channel morphology, such as the construction of 
flow obstructions, e.g., submerged weirs and boulder placement (Boa-
vida et al., 2018), instead of the management of the discharge 
magnitude. 

Habitat-based methods predict species occurrence, recognize 
species-habitat relationships, and quantify habitat requirements (Yi 
et al., 2017). The HSI calculation results with an average value of less 
than 0.1 show that the habitat suitability for both indicator species is 
low. A total of 30–40% of the water areas had HSI values higher than 
0.25 in the low-flow scenario, which implies that the waters could 
provide suitable habitat. The low HSI values in the low-flow situation 
could thus contribute to the lack of water areas. On the other hand, it 
appears that riffles are the most suitable habitat type for both indicator 
species because the maximum median HSI was observed in riffles among 
the three design scenarios. In the high-flow situation, the proportion of 
riffles is less than 5%, along with 15% of the areas in waters with HSI 
values greater than 0.25. The riffle areas in the four focused reaches 
were less than 5% under the high-flow scenario, indicating that the 
shortage of riffles contributes to the low HSI values. The creation of 
riffles in the high-flow situation was suggested to mitigate the impacts 
on reducing fish habitat quality due to the extreme rainfall in the 
summer. 

Moreover, some groundsill works were established upstream, and a 
weir was constructed across the Wu river within reach of Upstream-II for 
water allocation. As reported by the Water Resources Planning Institute, 
WRA, MOEA, in 2017, the weir led to discontinuous flow characteristics 
and habitat fragmentation (Water Resources Planning Institute, 2017). 
Our results indicated that the discontinuous river bed elevation and 
river slope between the upper and lower reaches of the weir caused 
significant spatial changes in flow velocity, water depth, and habitat 
type. The weir is an apparent artificial disturbance of the river 

environment. Weirs have an enormous anthropogenic impact on rivers, 
representing the potential restriction of fish habitat to respond to future 
environmental changes (Fuller et al., 2015). Improving the longitudinal 
connectivity of a river corridor is critical to allow continuous migration 
and movement of water, sediments, and aquatic animals (Radinger 
et al., 2018; Kerr et al., 2020). Dam and weir removal is considered one 
of the best alternatives for restoring a river toward its natural condition 
(Null et al., 2014; Doyle et al., 2015; O’Connor et al., 2015). Some of the 
upstream and midstream parts of the Wu River are categorized as 
intermittent rivers, in which the ratio of maximum to minimum river 
discharge is less than 4 (Third River Management Office, WRA, MOEA, 
2006). According to the historical topography analysis of this study, the 
weir in the river has a significant influence on the topography of the 
river bed. The original pond area in the weir’s upper reaches has 
significantly disappeared, and the riverbed in the lower reaches was 
eroded and deepening. Interactions shape physical habitats among hy-
draulic and geomorphic parameters (Newbury and Gaboury, 1993). We 
found that a weir might lead to habitat fragmentation under low-flow 
and mid-flow scenarios, while removing the weir can create runs and 
riffles that span the river corridor for fish and other aquatic animals. We 
suggest that improvements to the weir, such as lowering the height, 
decommission, or removal, maybe an alternative solution for rehabili-
tation of the Wu river corridor. Besides, instead of grey infrastructure, 
the implementation of nature-based solutions (NbS) on the natural 
hazards and disaster risk reduction provides multiple benefits for the 
ecosystem (Ruangpan et al., 2020). The use of NbS like large woody 
debris building in-channel and floodplain for the flow slowing and 
diverting could be taken into consideration (Short et al., 2020). 

4.2. Influence of habitat landscape on habitat quality 

The river morphology and the flowing connectivity within the river 
corridor have been extensively changed due to the infrastructures such 

Fig. 8. The relationship between riverscape indices and habitat suitability for (a) O. pachycephalus and (b) R. candidianus under different thresholds in the logistic 
regression model. 
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as levees along the river and dams across the river for flood protection 
and water resources conservation in Taiwan. Most of the rivers in 
Taiwan are intermittent rivers due to their steep slopes and the uneven 
distribution of precipitation. The quantified prediction of the river re-
sponses to specific disorders that were leading to the disconnection in 
the river is necessary for river management (Wohl, 2017). Newson and 
Newson (2000) concluded that the relationship between the physical 
landscape pattern and the biological responses should be the aim of river 
management. Carnie et al. (2016) linked the observed spawning location 
for Chinook salmon with the predicted spatial distribution of habitat 
patches, and their results confirmed that the size of habitat patches was 
one of the most critical factors in defining the condition of a river 
environment. Hitchman et al. (2018) quantified species-habitat re-
lationships within mesohabitats to identify the keystone habitats that 
influence fish species richness. In this study, whether the river landscape 
drives habitat suitability is determined through logistic regression 
analysis to support the further projects of habitat rehabilitation, espe-
cially in the low habitat quality (HSI≤0.25) in the river. As a result, it 
appears that landscape attributes have a negligible influence on habitat 
suitability for suitable habitat quality (HSI>0.25) due to the nonsig-
nificant correlation between habitat suitability and riverscape indices. 
For low habitat quality (HSI≤0.25), the possible effects on habitat 
suitability due to the MPS, MPFD, and AWMPFD indicate that patch size, 
variability, and shape are the main aspects related to habitat quality. We 
mainly focused on riffles, which are the most suitable habitat type for 
both indicator species. The negative correlation between habitat suit-
ability and MPFD suggests that habitat shape is a crucial indicator of 
habitat suitability. A management strategy of reducing shape 
complexity in low habitats is therefore recommended. Also, the positive 
correlation between habitat suitability and MPS and the negative rela-
tionship between habitat suitability and AWMPFD highlights the aspects 
of the patch size and shape that would be the critical indices for the pool 
creation. This study examined the habitat suitability of the two indicator 
fish species with similar habitat preferences and might be biased to-
wards those species. Further studies with a focus on other aquatic fauna 
are therefore suggested. 

The steep slopes, rainfall variability, and river infrastructure con-
struction in the Wu river have profoundly affected the river connectivity 
and habitat suitability. River restoration strategies are essential. This 
study integrates hydraulic simulation and statistical analysis to link the 
riverscape indices and fish habitat quality under different flow situations 
for effectively supporting the strategy. Prioritization of restoration ap-
proaches to mitigate habitat fragmentation of a river corridor is rec-
ommended as follows:  

1. Create refuge pools through channel morphology modification to 
benefit fish habitat during the dry season. Deepwater in pools pro-
vides a good shelter and suitable habitat for adult fish. About nine 
months each year, the river has a relatively low flow that may cause 
large areas of dry patches that block fish movement. This is of prime 
concern. When the water depth decreases during the dry season, the 
pools become critical refuge areas for aquatic organisms.  

2. Enhance the creation of riffles in the wet season to improve the 
habitat suitability of the two endemic fish species. Riffle has a high 
flow velocity, high dissolved oxygen, and usually high density of 
aquatic insects. It is an important foraging area for fish.  

3. Lower the height of the weirs, which were found to lead to habitat 
fragmentation under low-flow and mid-flow situations, or remove 
them entirely to rehabilitate the river corridor for migratory fish. 

IPCC (2012) suggested that extreme weather-related events such as 
heavy rains and consequent flooding are expected to increase in fre-
quency and intensity. Shih et al. (2019) indicated that flood mitigations 
could prevent flood disasters caused by either riverbank overflow or 
rainfall-generated overland flow considering structural and nonstruc-
tural measures in urban areas. In contrast, the sustainable management 

of ecosystems offers various socio-ecological benefits, including disaster 
risk reduction (Kato and Huang, 2021). Our findings for enhancing river 
ecosystems revealed that corridor restoration and habitat linkage stra-
tegies have to consider other ecosystem functions to meet the 
ecosystem-based disaster risk reduction (Eco-DRR) approach (UNEP and 
CNRD, 2014). We suggest future research utilize the Eco-DRR by 
incorporating water resource demand, flood prevention, and socioeco-
nomic considerations into the adaptation and mitigation strategies 
presented in this study. 

5. Conclusions 

We investigated habitat suitability of different habitat landscapes 
with several flow discharges and established the relationship between 
habitat landscapes and fish habitat suitability. The innovative integrated 
method proposed by this study aims to answer the scientific questions of 
an intermittent flow significantly affected by anthropogenic activities 
and provides a solid foundation for healthy river management. Flow 
discharge is found as the critical factor in determining the river land-
scape and habitat suitability and the associated implementation of 
habitat rehabilitation for river environmental management. The barriers 
that occur in the low-flow scenario indicate that the efforts to conserve 
fish habitat in the river should focus on preserving and creating habitat 
refugees during the dry season. In particular, the acceleration in the 
trend of decreasing rain days increases the need for refuge pools. Riffle 
creation is also recommended to improve habitat suitability for both 
indicator fishes representing different habitat preferences. Besides, 
habitat fragmentation caused by weirs contributes to habitat loss and 
migration limits, which is crucial for supporting the spawning, move-
ment, and survival of fish. The removal and decommission of weirs are 
suggested as an alternative solution for improving the longitudinal 
connectivity of a river corridor. We conclude that reducing shape 
complexity in habitats and the creation of pools for fish refuge and riffles 
for remaining high-quality fish habitats are recommended for nature- 
based river management. 
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