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An explicit demonstration of the changes in fish assemblages is required to reveal the influence of damming on fish species. 
However, information from which to draw general conclusions regarding changes in fish assemblages is insufficient because of 
the limitations of available approaches. We used a combination of acoustic surveys, gillnet sampling, and geostatistical simula-
tions to document the spatiotemporal variations in the fish assemblages downstream of the Gezhouba Dam, before and after the 
third impoundment of Three Gorges Reservoir (TGR). To conduct a hydroacoustic identification of individual species, we 
matched the size distributions of the fishes captured by gillnet with those of the acoustic surveys. An optimum threshold of 
target strength of 50 dB re 1 m2 was defined, and acoustic surveys were purposefully extended to the selected fish assem-
blages (i.e., endemic Coreius species) that was acquired by the size and species selectivity of the gillnet sampling. The relative 
proportion of fish species in acoustic surveys was allocated based on the composition (%) of the harvest in the gillnet surveys. 
Geostatistical simulations were likewise used to generate spatial patterns of fish distribution, and to determine the absolute 
abundance of the selected fish assemblages. We observed both the species composition and the spatial distribution of the se-
lected fish assemblages changed significantly after implementation of new flow regulation in the TGR, wherein an immediate 
sharp population decline in the Coreius occurred. Our results strongly suggested that the new flow regulation in the TGR im-
poundment adversely affected downstream fish species, particularly the endemic Coreius species. To determine the factors re-
sponsible for the decline, we associated the variation in the fish assemblage patterns with changes in the environment and de-
termined that substrate erosion resulting from trapping practices in the TGR likely played a key role. 
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One of the most serious effects of damming a river on fish 
species is the habitat fragmentation that results from the 
“barrier effect” [1]. The impacts are often reflected as 
changes in the spatial distribution of fish assemblages [2]. 
The Yangtze River has 378 fish species on record, including 
162 that are endemic to the river [3]. Since the construction 
of two large Dams (Gezhouba Dam and Three Gorges Dam) 
on the Yangtze River, there have been significant negative 

changes to fish populations [4].  
Unfortunately, there is little empirical evidence to docu-

ment the impact of these two large dams on fish species in 
the Yangtze. There have been some studies that aimed to 
address this issue based on either speculation (e.g., [47]) or 
model assumptions (e.g., [8,9]). Due to the limitations asso-
ciated with the available approaches, data from previous 
studies are insufficient. Moreover, general conclusions re-
garding the transformation of fish assemblages cannot be 
obtained [10]. Thus, it is not currently possible to draw 
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general conclusions regarding the impact of damming on 
the changes in fish assemblages. 

The most frequently used approaches, whether catch sta-
tistics (i.e., trawl sampling and gillnet sampling) or acoustic 
surveys have advantages and disadvantages when used to 
obtain data on fish assemblage changes. Catch statistics 
provide information on species composition, size distribu-
tion, and weight at length that allows for relative abundance 
estimates (e.g., catch per unit effort (CPUE) [11] and max-
imum sustainable yield (MSY) [12]). However, catch statis-
tics cannot overcome significant biases because of limita-
tions in size and species selectivity [1113]. Conversely, 
acoustic surveys offer an alternative technique for quantify-
ing fish density, abundance, and size distribution that allows 
for absolute abundance estimates [14]. However, this type 
of approach is frequently limited in terms of species identi-
fication [15,16] and by highly skewed distributions of fish 
density [17]. 

To overcome the limitations associated with acoustic 
surveys, echo signals in the echogram are proportionally 
allocated based on the species proportions of fish caught in 
stock assessments [14]. To make precise estimates of fish 
abundance, geostatistical methods have been combined with 
fisheries acoustics in recent years. Acoustic surveys provide 
a set of coherent tools that explicitly take autocorrelation 
into account [1719] and fulfill the requirements of geosta-
tistical simulations. Thus, instead of producing a single, 
average case estimate, geostatistical simulations provide 
several alternative realizations of the values of interest 
[20,21]. Geostatistical simulations also enable descriptions 
and quantifications of the distribution patterns of fish den-
sity over different scales of observation, as well as estima-
tions of density precision while accounting for the effects of 
heterogeneous distribution [22]. 

In view of the above, we used a combination of acoustic 
surveys, gillnet surveys, and geostatistical simulations to 
determine the spatial distribution of fish assemblages down-
stream of the Gezhouba Dam during the impounding period 
of the Three Gorges Reservoir (TGR). The study area was 
purposefully selected for two reasons. First, the study area 
is a significant habitat for two endemic species: Coreius 
heterodon and Coreius guichenoti [23,24]. Second, the 
study area, which is 38 km downstream from the Three 

Gorges Dam, is one of the most significantly influenced 
areas resulting from the TGR impoundment [25]. From the 
time the TGR began the third impoundment (i.e., 175 m 
experimental impoundment) in September 2008, the water 
level in the TGR was raised from 156 to 175 m [26]. The 
new regulations for water flow raised the water level by  
~20 m during the dry seasons, which may have affected 
numerous fish species [27,28]. 

Annual variations in the spatial patterns of the fish com-
munities were determined by the following three steps. First, 
gillnet surveys were used to determine the species composi-
tion and dominant species, as well as to calculate gillnet 
CPUE. Second, because both gillnet sampling and acoustic 
surveys provide information on the fish size distribution 
[13,14], the size distribution of fishes caught was associated 
with that of acoustic surveys. This step enabled the deter-
mination of the same boundary of fish size and overcame 
the limitation of the acoustic surveys in terms of species 
identification. From a statistical point of view, the contribu-
tion (%) of a species to the total catch was used to allocate 
fish individuals in the acoustic surveys. Therefore, acoustic 
surveys were purposefully extended to the selected fish as-
semblages that were acquired based on the selectivity of the 
gillnet surveys. Third, geostatistical simulations were used 
to generate spatial patterns in fish density and the absolute 
abundance of dominant species.  

1  Methods 

1.1  Data acquisition  

We conducted acoustic surveys and gillnet sampling down-
stream of the Gezhouba Dam on the Yangtze River between 
2006 and 2009. The survey area, from the Grezhouba  
Dam to the Yanshou Islet, was ~10 km in length with a  
surface area of ~10 km2 (Figure 1). The river width ranged 
from 600 to 1700 m, and the water depth ranged from 15 to 
40 m [15].  

Acoustic surveys were conducted using a SIMRAD 
EY60 echo sounder, the procedure for which is detailed 
elsewhere [15]. A description of the sampling data is given 
in Figure 1 and Table 1.  

Daily gillnet sampling was conducted using local fishing  

Table 1  Basic information on acoustic and gillnet surveys  

  2006 2007 2008 2009 

Acoustic 
surveys 

Survey periods 15 Nov–17 Nov 22 Nov–25 Nov 29 Nov –1 Dec 18 Nov–20 Nov 

Total sailed distance (km) 116.08 181.51 119.84 102.06 

Depths (m) (mean±SD) 12.74±4.21 12.66±5.39 13.97±5.27 11.65±4.94 

Frequency (kHz) 200 200 120 120 

Operation Power (W) 300 300 240 240 

Pulse length (ms) 0.128 0.128 0.128 0.128 

Gillnet 
samplings 

Sampling periods 26 Oct–25 Nov 26 Oct–28 Nov 26 Oct–3 Dec 5 Nov–1 Dec 

Sampling net·day 65 54 47 42 

Total catches in individuals 2207 1692 569 508 
 



628 Tao J P, et al.   Sci China Life Sci   July (2012) Vol.55 No.7 

 

Figure 1  Map of the Yangtze River basin and study site showing the transects for the acoustic surveys. TGD, Three Gorges Dam; GZD, Gezhouba Dam. 

boats from the Gezhouba Dam to the Yanshou Islet (Table 
1). We used nylon gillnets (~50 m long and 5 m wide) in 
three mesh sizes (4, 6, and 8 cm). The gillnets drifted with 
the current at the bottom and mid levels of the water column, 
which was consistent with the waters sampled by acoustic 
survey. The soak time of each net set ranged from 2–10 h 
d1. We recorded the daily set duration, number of sets, and 
total catch for each net set. Following capture, all fish were 
identified, counted, measured (±1 mm), and weighed (±1 g).  

1.2  Acoustic data processing  

We used sonar 5 post-processing software (Ver. 5.9.8, Lin-
dem Data Acquisition, Oslo) to process the acoustic data. In 
setting the parameters, we applied a time-varied gain of 
40logR to compensate for the echo amplitudes of beam 
spreading and absorption. The remaining parameters were 
set to default [29].  

We analyzed acoustic data within the range of 2 m from 
the transducer to 0.5 m above the bottom layer (i.e., the 
near-field and dead zones were excluded). We used the sin-
gle echo detection and tracking method (STM) [29] to de-
tect fish tracks to evaluate fish density at a threshold value 
(60 dB re 1 m2), which was the lowest possible value that 
did not include too much noise in the echogram.  

Because there is no target strength (TS)-fish length rela-
tionship available for Yangtze species, we used the empiri-
cal equation described by Love [30]. This equation enables 

the direct conversion of results obtained from different fre-
quencies:  

TS 19.1 log( ) 0.9 log( ) 62.0L F     , 

where L is the fish length in cm, F is the frequency in kHz, 
and TS is the mean target strength of each fish track in dB 
re 1 m2. TS was calculated as [24] 

( )
1

1
TS 10 log( )

n

bs i
in




   , 

where bs  is the backscattering coefficient of each echo 

and n is the number of echoes in each track. 

1.3  Acoustic species identification and fish density de-
termination 

To overcome the species identification limitation of acous-
tic surveys, we matched the size distribution of fish lengths 
for the fish caught by gillnet with that of the TS and acous-
tic fish length (converted from TS). The optimum threshold 
TS setting was further evaluated under conditions where the 
boundary and distribution patterns of the frequency distri-
butions were similar, both in terms of the fish captured and 
TS. To ensure that the fish in both the acoustic and gillnet 
surveys were derived from the same population (i.e., the 
same fish assemblages and fish populations), we further 
examined the confidence levels of the matching using a 
t-test analysis. Thus, the relative proportion (%) of each 
species in the gill net surveys can be used to assign propor-
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tional representation of species in the acoustic data. 
To determine the acoustic fish density, survey lines were 

divided into elementary distance sampling units (EDSU) of 
~180 m, yielding 2837 acoustic data points. Considering 
that almost all targets appeared as single echoes on the 
echogram, the fish density (individuals per hectare, ind. 
hm2) was calculated in each EDSU using the echo counting 
method [29,31].  

1.4  Geostatistical simulations 

We used ordinary kriging to simulate the spatial distribution 
of fish density. In comparison with other interpolation tech-
niques, ordinary kriging has the distinguishing feature of 
being an unbiased simulation that is stable under different 
predictive conditions [3234].  

During analysis, the frequency distributions of fish density 
that departed significantly from the normality were subjected 
to natural logarithmic transformation Ln(X+1). Although 
normality is not a requirement for kriging, the procedure 
performs best when the distribution is close to normal [32].  

The logarithmic fish densities were imported into a geo-
graphical information system (ArcGIS9.3, ESRI Corpora-
tion, Redlands, CA, USA) for simulations. The directions 
and nearest neighbors (lag sizes) of the autocorrelation were 
determined by directional distribution and average-nearest- 
neighbor analysis in the spatial statistical analysis [33]. The 
lag sizes were divided into 10 groups for range prediction. 
To predict the density at unsampled locations, a maximum 
of five and a minimum of two neighbors were used in each 
sector along with the theoretical variogram.  

The variogram used to examine the correlation among 
the grids was as follows [34]: 

(h)  2

( )

1

2 ( )
= ( ) ( )i j

N h

s s
N h

  , 

where   is an observation (e.g., density) referenced to its 

location [ , ]is latitude longitude , lag (h) is the distance 

vector separating the observations such that si–sj=h, and N(h) 
is the number of pairs of data locations that are a distance (h) 
apart. 

The spherical and exponential models were fitted to all 
empirical variograms using the weighted least-squares 
method [18]. Both asymptotic model fits yielded nugget 
(C0), partial sill (C), sill (C0+C), and range (a) estimates. 
The nugget describes the sampling error (uncertain variation) 
and/or microscale variation. The sill is the asymptote of the 
variogram that occurs within the predicted range (structural 
variation). The partial sill describes the spatial component 
of the semivariance ( ) [32]. The ratio of the nugget to the 

sill (C0/C0+C) indicates the degree of autocorrelation. Rati-
os of <25%, 25%–75%, and >75% indicate strong, moder-
ate, and weak spatial dependence, respectively [35,36]. 

To obtain the optimum prediction, statistical errors such 

as the mean error (ME), root-mean-square error (RMS), and 
average standard error (ASE) were determined during the 
predictions [18]. The ME provides a measure of bias, 
whereas RMS and ASE provide measures of accuracy. 
When ME is close to zero, ASE is close to the RMS and the 
prediction variability is correctly assessed [37]. 

1.5  Estimates of absolute abundance and catches per 
unit effort (CPUE) 

To obtain absolute abundance estimates, the vector maps 
produced by geostatistical simulations were transformed 
into grid maps with 10 m grids. The predicted values of the 
logarithmic fish density data were reverse transformed to 
the original units. The total fish abundance was calculated 
by summing the fish density over all grids by multiplying 
the area represented by each grid [21,32]. The abundance of 
dominant species was allocated proportionally based on the 
species proportions of the fishes caught in the gillnets. 

To obtain CPUE estimates, the capture of all fish in the 
gillnets was standardized to a coherent duration of 3 h. The 
standardized catch was defined as the daily catch and the 
CPUE was expressed as the number of fish caught per day 
(ind./net day).  

Both endemic species C. heterodon and C. guichenoti 
belong to the genus Coreius, and share similar ecological 
characteristics [3,38]. Thus, the abundance and CPUE of 
both species were taken into account together. 

1.6  Descriptive statistics 

We used a Kolmogorov-Smirnov (K-S) test to evaluate the 
normality of the frequency distribution of fish density. We 
compared the difference in fish length between acoustic and 
gillnet surveys using a t-test. One-way ANOVA was used to 
compare annual differences in CPUEs. The significance 
level was set at P<0.05 for all analyses. All statistical anal-
yses were performed using SPSS 13.0 software. 

2  Results 

2.1  Species composition  

We collected a total of 4976 individuals representing 29, 23, 
21, and 22 species from 2006 to 2009. Coreius (i.e., C. het-
erodon and C. guichenoti) and Pelteobagrus vachelli were 
the dominant species in terms of both number of individuals 
and weights. These three species shared a high proportion of 
between 71.65% and 88.19% of individuals in those years. 
Coreius shared a proportion of 78.31%–83.16% of individ-
uals from 2006 to 2008. By 2009, the figure had declined to 
54.79% (Figure 2).  

2.2  TS vs. fish length  

Figure 3 illustrates that there is a turning point at 50 dB re  
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Figure 2  Composition of fish species captured by gillnet downstream of the Gezhouba Dam. 

 

Figure 3  Size distribution of TS and fish length. Bar chart denotes the size distributions of TS with the corresponding acoustic fish length; linear graph 
denotes the size distributions of fishes captured by gillnet. 

1 m2 (i.e., acoustic fish length greater than 6 cm). To a cer-
tain extent, the size distributions for TS and the acoustic 

fish length can be separated into two approximately normal 
distributions. The approximately normal distribution of TS 
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and the acoustic fish length matched very well with those of 
fishes caught at a possible TS threshold of 50 dB re 1 m2. 

A small number of echoes with TS values greater than 
20 dB re 1 m2 were excluded from the following analysis 
because the corresponding fish length of such echoes ex-
ceeded 200 cm, which was significantly than the maximum 
fish length of the selected fish assemblage.  

At a TS threshold of 50 dB re 1 m2, there was no sig-
nificant difference in fish length between the gillnet catches 
and acoustic surveys from 2007 to 2009 (Figure 4), sug-
gesting that sampling fish of both methods were derived 
from the same population. Thus, the contribution of a spe-
cies to total catch can be used to account for the proportion-
al representation of species in acoustic data. However, Fig-
ure 4 also illustrates a slight disparity in both fish lengths in 
2006, as detailed in the Discussion section. 

In the following spatial distribution and abundance esti-
mates, the TS threshold was set at 50 dB re 1 m2.  

2.3  Realizations of fish spatial distribution  

The frequency distributions of fish density departed signifi-
cantly from normality, as characterized by the high number 
of zero values and only a few large values. The data were 
subjected to natural logarithmic transformation Ln(X+1), 
which resulted in a distribution close to normal (Table 2).  

In the geostatistical simulations, 2387 grids (~180 m  
averages) of logarithmic fish density were used within the 

 

 
Figure 4  Comparison of the mean values of acoustic fish length and 
gillnet fish length at the TS threshold of 50 dB re 1 m2 (mean±SE). 
Acoustic fish denotes the fish length converted from the TS of each fish 
track. Fishes caught denote the fish length acquired by gillnet sampling. 
There was no difference in both measures of fish length from 2007 to 2009: 
F=1.605, P=0.197 (2007); F=3.658, P=0.058 (2008); F=2.053, P=0.207  
(2009). A significant difference was observed in 2006, F=7.532, P=0.000. 

domain selected for analysis. For the parameters of the  
theoretical models, the ranges for four years of surveys  
varied from 52.27 to 81.84 m. All these ranges did not  
exceed more than half of the maximum distance (~180 m) 
of the two stochastic sampling points. A moderate degree  
of autocorrelation was observed in the spherical models 
because the nugget was 25.46%–65.22% of the sill. A high-
er degree of autocorrelation was observed in the exponential 
models because the nugget was 25.46%–55.02% of the  
sill, which was smaller than that of the exponential models 
(Table 3). 

For statistical errors, all MEs in the exponential models 
were closer to zero than those in the spherical models, as 
expected for data in 2008. The RMS was closer to the ASE 
in the exponential models than in the spherical models. 
Thus, the exponential models better fitted the theoretical 
variograms in the surveys (Table 3). 

Figure 5 illustrates that the theoretical variograms in the 
exponential models were regular and well behaved. The 
variograms converged on a sill in all cases, providing sup-
port for the assumption of stationarity. The structural spatial 
heterogeneity shared a proportion of 44.98%74.54% (Ta-
ble 3, Figure 5).  

Figure 6 illustrates that the fish were frequently distrib-
uted in patch patterns. In the E-W direction (water flow 
direction), the fish density was higher on the left bank than 
on the right bank. In the N-S direction, the fish density was 
higher in the region from the Gezhouba Dam to the Yiling 
Bridge than in the area downstream of the Yiling Bridge. 
The patch sizes greater than 100 ind. hm2 (i.e., FD>4.5 in 
Figure 6) accounted for a proportion of 18.23%, 23.75%, 
12.36%, and 9.15% in the fish density from 2006 to 2009, 
respectively.  

The spatial patterns of fish distribution were similar be-
tween 2006 and 2007 because discrete patches were present 
in certain regions, such as downstream of the flushing sluice, 
near the dockyard and Miaozui sections, as well as the 
neighboring Zhengjiang tower area. The spatial patterns 
differed in 2008 because the patches of high fish density 
significantly decreased. By 2009, the spatial patterns varied 
significantly because of a decrease in patches of high fish 
density and regional changes in fish distribution (Figure 6).  

2.4  Acoustic fish abundance vs. CPUE 

A total of 56474, 68848, 35104, and 37526 individuals in  

Table 2  Descriptive statistics of the acoustic fish density (ind. hm2) during the surveysa) 

Years Mean Median Max. SD %0 %CV D P DL PL n 

2006 112.13 23.56 4239.10 362.58 40.16 323.57 9.51 0.000 2.59 0.000 628 

2007 104.94 33.56 4238.72 245.13 37.90 233.59 10.57 0.000 2.76 0.000 999 

2008 45.79 9.46 943.79 86.23 46.29 188.32 7.65 0.000 2.12 0.000 660 

2009 39.57 6.13 1034.28 142.22 54.25 359.41 9.16 0.000 2.97 0.000 550 

a) SD, Standard deviation; max., maximum; %0, percentage of zeros; CV, coefficient of variation; n, number of samples; D and P, K-S test for normality 
of original values; DL and PL, K-S test for normality of logarithmic values. All the minimum values (zero) are not tabulated. 
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Table 3  Exponential (Exp) and spherical (Sph) models fitted the theoret-
ical variograms and statistical errors from the interpolation of fitsa) 

Years 
Parameters of theoretical models Statistical errors 

Model C0 C %C0/(C0+C) A ME RMS ASE 

2006 Sph 1.50 4.39 25.46 54.58 0.005 1.845 1.866 

 Exp 1.50 4.39 25.46 54.58 0.005 1.814 1.816 

2007 Sph 3.30 1.76 65.22 81.47 0.006 2.137 2.199 

 Exp 3.12 2.55 55.02 63.48 0.006 2.136 2.105 

2008 Sph 1.63 2.97 35.43 50.48 0.001 1.693 1.585 

 Exp 1.63 2.97 35.43 50.48 0.002 1.697 1.676 

2009 Sph 6.21 4.48 58.09 58.87 0.004 1.968 2.013 

 Exp 5.83 5.91 49.68 52.27 0.001 1.973 2.011 

a) C0, nugget; C, partial sill; A, range (m); ME, mean error; RMS, root 
mean square error; ASE, the average standard error. Values for the sill, 
equal to the nugget plus the partial sill, are not tabulated. 

the selected fish assemblages were acquired in the 81566 
grids from 2006 to 2009. Figure 7 shows the variation in 
absolute abundance and CPUE with a corresponding 95% 
CI of the dominant species. 

A declining tendency in both absolute abundance and 
CUPE for the Coreius population was observed since 2008. 
The absolute abundance declined by ~50% and the decline 
in CPUE was significant (Figure 7A).  

For C. guichenoti, both absolute abundance and CUPE 
fluctuated during the study period, with the lowest values 

occurring in 2008. The range of the fluctuation in absolute  
abundance was greater than that in the CPUE (Figure 7B).  

3  Discussion  

3.1  Accuracy of data 

The hydroacoustic identification of individual species is at 
an early stage of development and is limited by serious 
physical uncertainties [15,16]. We used the contribution (%) 
of a species to the total catch in gillnet surveys to allocate 
the relative proportion of species in the acoustic surveys, as 
described previously [39,40]. However, the distribution of 
fish length in the acoustic surveys disagreed with that of the 
fish caught at the lowest possible TS threshold (60 dB re 1 
m2) (Figure 3). Approximately 60 fish species inhabited the 
surveyed area [3,38] and there was significant variation at 
the levels of the water column and size distribution among 
the species [3,38,41]. Using the acoustic surveys we con-
ducted an unbiased survey of all species in the study area. 
However, because of biases associated with size, species, 
and size selectivity [1113], the gillnet surveys targeted a 
more narrow range of species and fish sizes. Given this, the 
use of acoustic surveys to obtain fish abundance and spatial 
distribution data relies on pairing the coverage of acoustic 
surveys and direct sampling. We noted a turning point in the 
size distribution of TS at 50 dB re m2, wherein the fre- 

 

 

Figure 5  Theoretical variograms (points) and models (lines), showing the semivariance ( ( )h ) as a function of lag distance for fish density. 
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Figure 6  Spatial distribution of fish acquired by the interpolation of ordinary kriging (a, flushing sluice; b, ship lock, c, Dajiang Power Plant; d, Erjiang 
Power Plant; e, Erjiang sluice). The spatial distributions of fish density were unified in the same legend showing the annual changes in the patches. 

quency distribution of fish length between the gillnet and 
acoustic surveys was similar (Figure 3).  

Interestingly, at a TS threshold of 50 dB re 1 m2, there 
was a significant disparity in the fish length between acous-
tic fish and fish caught in 2006 (Figure 4). The acoustic fish 
lengths were smaller than those in the gillnet, although the 
frequency distribution was similar (Figures 3 and 4). The 
disparity was likely caused by the absence of a TS-fish 
length relationship for Yangtze fish species, meaning the 
conversion was conducted using an empirical equation. As a 
result, the biases inevitably resulted in a disparity between 
the TS conversion and fish length [1416]. Nevertheless, 
the match between the acoustic surveys and gillnet sam-

plings for 2006 was justifiable because there was a high 
coherence among size distributions (Figure 3).  

For geostatistical simulations, many zero values in the 
data sets are likely to cause a bias in the nugget effect up-
wards, ultimately leading to a biased estimation of data 
values [21]. In our simulations, the departure of the fre-
quency distribution of fish density from normality was 
characterized by a high number of zero values (37.90%– 
54.25%; Table 2). The nugget shared a high portion of sill 
(Table 3, Figure 5), which led to considerable spatial heter-
ogeneity (~25.46%–55.02%) caused by uncertain variation, 
and possibly by sampling error [32]. Unfortunately, there 
are few effective means for overcoming this issue. A few  
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Figure 7  Variation in absolute fish abundance and 95% CI of CPUE. For the CPUEs of Coreius, there was no significant change between 2006 and 2007 
(F=4.534; P=0.295) and between 2008 and 2009 (F=2.90; P=0.563). There was a significant decline between 2007 and 2008 (F=19.794; P=0.00). For the 
CPUEs of C. guichenoti, there was no significant change between 2006 and 2008 (P>0.05). There was a significant increase in 2009 compared with the three  

remaining years (F=1.809, P=0.025; F=2.171, P=0.010; F=3.167, P=0.000). 

studies have attempted to treat such uncertainties through 
various means [21,32,36,37], which generally result in new 
uncertainties. Thus, the process being followed is not com-
pletely clear [22].  

As a result, we did not treat for uncertain variation in the 
current study. We believe the geostatistical simulations suf-
ficiently represented the actual spatial pattern of fish distri-
bution because we had only moderate autocorrelation and 
the statistical errors were close to zero (Table 3). Similarly, 
the errors of the subsequent absolute abundance estimates 
were ascertainable and explainable when compared with the 
CUPE and the descriptive statistics of fish density.  

3.2  Variations in the fish assemblages  

We observed a significant change in the fish assemblage 
since 2008 characterized by a change in species composi-
tion (Figure 2) and a sharp decline in the fish population, 
particularly in Coreius, in terms of CPUE and absolute 
abundance (Figure 7). Similarly, the spatial distribution of 
fish has changed considerably since 2009 (Figure 6).  

Factors such as overfishing, pollution, and habitat frag-
mentation from dams are repeatedly reported as the causes 
of sharp declines in fish populations [27]. The decline in 
Coreius populations was associated with the timing of the 
third impoundment of the TGR in 2008. The same phe-
nomenon was also observed during the first impoundment 
of the TGR in 2003, wherein a sharp decline occurred in the 
CPUEs of C. guichenoti [41]. Other studies indicate that 
changes in hydrological patterns associated with new flow 
regulation, particularly for short-term new flow fluctuations 
[42], have immediate effects on the integrity of river eco-
systems and result in the loss or decline of numerous fish 
species [28]. The new flow regulation of the third TGR im-
pounding may change hydrological patterns downstream of 
the Gezhouba Dam on the Yangtze River, and this change 
negatively affects the fish species.  

However, a new flow regulation does not result in direct 

population decline because this type of influence on the fish 
population gradually occurs over several generations rather 
than immediately [43]. Instead, the change in flow regula-
tion alters the hydrological patterns, which most probably 
resulted in habitat quality changes for endemic fish species 
[4345]. Hence, endemic species moved away from the 
original habitat in response to changes in the habitat.  

Our observations suggest that changes in species compo-
sition and the spatial distribution of fish were possibly 
caused by the decline in Coreius and the fluctuation in C. 
guichenoti abundance. The proportion of Coreius in the 
catch declined to 54% from ~80% (Figure 2). Because of 
the habitat selectivity of different species [44,45], signifi-
cant changes in species compositions resulted in the spatial 
variability of fish distribution (Figure 6).  

3.3  Changes in environmental factors  

The influences of river damming on fish assemblages are 
complex and varied. Changes in the flow regulation [28,42], 
flow regime [45,46], as well as physical and chemical char-
acteristics [10,47] potentially impose immediate adverse 
effects on downstream fish species.  

However, because of the drought in 2006 and the floods 
upstream of the Yangtze River in 2008 [26], the down-
stream discharge in 2008 was significantly higher than in 
2007 (P=0.030), and extremely significantly higher than in 
2006 and 2009 (P=0.000). There was no significant differ-
ence in discharge prior to flow regulation in 2006 and after 
the flow regulation in 2009 (P=0.313). In addition, There 
was no significant difference in the daily variation in dis-
charge (P=0.053) (Hydrology of Yangtze: http://www.cjh. 
com.cn/, available Sept. 2011). There is currently no direct 
evidence that flow regulation through the third TGR im-
poundment is linked with variation in fish assemblages. 
Furthermore, the targeted monitor report [26] also noted 
there was no significant change in water quality during this 
impoundment.  
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Because of entrapment by the TGD [25,26], the sediment 
discharges delivered to the lower reach of the Gezhouba 
Dam during the third impoundment have declined by 
45.55% compared with that in the period of the first and 
second impoundments. This figure declined by 99.34% 
compared with that before the TGR impoundment [26]. Our 
observations suggest there is a strong association between 
the variation in fish assemblages and the substrate erosion 
caused by the TGR impoundment. Although the substrate 
requirements for Coreius, and even for other Yangtze fishes, 
have not yet been studied, other studies have shown that 
habitat changes caused by substrate transformations severe-
ly affect fish species, both directly and indirectly [48]. Fol-
lowing construction of the TGD, the river channel in the 
mid-lower reaches has changed from a depositional to ero-
sional state since 2002 [26].  

In conclusion, we documented annual spatiotemporal 
variation in selected fish assemblages before and after the 
third TGR impoundment. Spatiotemporal variation in the 
structure of the selected fish assemblage was strongly asso-
ciated with substrate erosion caused by the TGR impound-
ment. Despite the high correlation, determination of the 
certainty and the degree require further study. We also 
documented the spatiotemporal variation in fish assemblag-
es under varying environmental conditions. Based on a 
combination of changes in habitat variables and the habitat 
heterogeneity of fish assemblages, the environmental re-
quirements for fish species may be quantified in future 
studies. Knowledge of the environmental requirements of 
fish species is critical to managing ecological-base flow 
regulation in the TGR, and furthering the ecological restora-
tion of aquatic resources on the Yangtze River.  
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