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Investigating whether different locations of a large lake exhibit synchronous or asynchronous fluctua-
tions in limnological characteristics is essential to lake management. If synchronous fluctuations (termed
as ‘‘temporal coherence’’) among sites are found to prevail, regional factors are likely to be the drivers;
otherwise, local factors may be dominant. Here, this idea is tested at two spatial scales: the large scale
being the mainstream of Three-Gorges reservoir (TGR, China) and the small scale being Xiangxi Bay of
TGR. Data of transparency and chlorophyll a were gathered monthly at 26 sampling sites from July 2003
to July 2006 to evaluate temporal coherence for water clarity. High spatial and temporal variation in
transparency (4–510 cm) and chlorophyll a (0.1–190.2 m g/L) mark the system. For the mainstream of
TGR, significant high temporal coherence of water clarity among sites (correlation analysis:
0.872� r� 0.991, mean r¼ 0.960) was detected and the among-site correlations showed no significant
relationship with geographical distance (Mantel test: r¼�0.186, p> 0.05) or chlorophyll a (Mantel test:
r¼ 0.249, p> 0.05). By contrast within Xiangxi Bay, lower synchronous fluctuations (correlation analysis:
0.396� r� 0.971, mean r¼ 0.785) occurred, and the among-site correlations decreased with an increase
in geographical distance (Mantel test: r¼�0.715, p< 0.01) and a decrease in temporal coherence of
chlorophyll a (Mantel test: r¼ 0.893, p< 0.01). Seasonal dynamics of water clarity were very well
explained by inflow discharges (regression analysis: 0.771� R2� 0.906) and water residence time
(0.782� R2� 0.918) in the mainstream, but not in Xiangxi Bay. The high coherency of the dynamics of
water clarity in TGR mainstream is likely caused by regional hydrological processes driven by subtropical
monsoon climate. For Xiangxi Bay, local processes such as phytoplankton dynamics may override the
regional effects of hydrological processes, because the water clarity of this bay is strongly determined by
phytoplankton bloom dynamics.

� 2010 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Understanding underlying mechanisms regulating the
dynamics of lake ecosystems is a key question in lake research and
management. While some ecologists have emphasized the impor-
tance of lake-specific factors (Webster et al., 1996, 2000; Baron and
Caine, 2000), others have shown that lake ecosystems respond
strongly to regional climatic conditions (Magnuson et al., 1997;
Baines et al., 2000; Winder and Schindler, 2004a,b; Morales-
Baquero et al., 2006; George et al., 2007). Temporal coherence of
limnological variables is often studied to draw general conclusions
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about the relative importance of local and regional factors affecting
aquatic ecosystems. The degree to which the temporal series of
limnological variables (biotic and abiotic), obtained in lake districts,
are positively correlated is defined as temporal coherence (George
et al., 2000). Rusak et al. (1999) defined temporal coherence as ‘‘the
phenomenon of synchronous fluctuations in one or more param-
eters among locations within a geographic region’’. Synchrony is
typically measured as correlation between the time series of
a variable measured in paired lakes (Lloyd and May, 1999; Pace and
Cole, 2002; Crump and Hobbie, 2005; Fölster et al., 2005; Kent
et al., 2007). A significant pattern of synchrony might indicate the
dominant role of regional, extrinsic factors (e.g., climate and
hydrology) in controlling the dynamics of the limnological vari-
ables (Kratz et al., 1987). From an applied perspective, a high level of
temporal coherence suggests that the results obtained in a set of
sites can be reliably extrapolated to a larger region (Stoddard et al.,
1998). Conversely, if a low level of temporal coherence is found, one
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may infer the predominance of local-scale regulators (Rusak et al.,
1999; Post and Forchhammer, 2006).

Previous studies addressing temporal coherence were made
across a series of distinct lakes at different temporal and spatial
scales (Baines et al., 2000; Baron and Caine, 2000; Benson et al.,
2000; George et al., 2000; Chrzanowski and Grover, 2005; Fölster
et al., 2005; Knowlton and Jones, 2007). In recent studies for
zooplankton dynamics, some researchers pointed out that the level
of temporal coherence may vary even within a single aquatic
system and emphasized that temporal coherence of limnological
variables of different sampling sites within a single ecosystem
should also be extensively investigated (Alves et al., 2008; Lansac-
Tôha et al., 2008; Takahashi et al., 2008). For example, Alves et al.
(2008) investigated the existence of coherent patterns in temporal
fluctuations of testate amoebae population abundances from a river
floodplain (the Upper Paraná River Floodplain, Brazil). They
concluded that regional factors in the Upper Paraná River flood-
plain are not the main determinants of the population dynamics of
Fig. 1. Map illustrating the sampling sites i
testate amoebae and that existence of the high floodplain hetero-
geneity seems to indicate a great relevance of local factors. Similar
results were observed by Takahashi et al. (2008), who investigated
the existence of synchronic fluctuation patterns in cladoceran
populations of the Upper Paraná River floodplain. Lansac-Tôha et al.
(2008) evaluated patterns of temporal coherence for zooplankton
densities based on data gathered at 11 sites in a tropical reservoir
(Corumbá Reservoir, Central Brazil) and detected high temporal
coherence only between geographically adjacent sites and/or
between sites with similar limnological characteristics.

With a length of over 6300 km, the Yangtze River is one of the
largest rivers in the world (Wang et al., 1997), where a subtropical
monsoon climate prevails (Jiang et al., 2006). The summer monsoon
starts to influence the Yangtze River basin in May and generally
retreats in October (Jiang et al., 2006). Temporal variation of runoff in
the Yangtze River is closely related to monsoon activities and
seasonal motion of subtropical highs. In order to prevent frequent
summer floods that occur in the Yangtze River basin, the Three-
n Three-Gorges reservoir in this study.



Table 1
Geographical distance (km) between sampling sites located in the mainstream of TGR.

Sites CJ01L CJ01 CJ01R CJ02L CJ02 CJ02R CJ03L CJ03R CJ04L CJ04 CJ04R CJ05L CJ05

CJ01 1.82
CJ01R 3.68 1.86
CJ02L 10.02 8.20 10.06
CJ02 9.96 8.14 10.00 0.63
CJ02R 9.97 8.15 10.01 1.34 0.71
CJ03L 16.15 14.33 16.19 6.79 6.16 6.87
CJ03R 16.17 14.35 16.21 6.85 6.22 6.93 0.33
CJ04L 29.69 27.87 29.73 20.34 19.71 20.42 13.87 13.54
CJ04 29.45 27.63 29.49 20.12 19.49 20.20 13.64 13.31 0.42
CJ04R 29.39 27.57 29.43 20.25 19.62 20.33 13.55 13.22 1.04 0.62
CJ05L 36.51 34.69 36.55 27.31 26.68 27.39 20.79 20.46 7.83 7.41 8.03
CJ05 36.40 34.58 36.44 27.11 26.48 27.19 20.60 20.27 7.61 7.19 14.60 0.55
CJ05R 36.41 34.59 36.45 27.22 26.59 27.30 20.70 20.37 7.00 6.58 13.77 1.08 0.53
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Gorges reservoir (TGR, China) has been constructed. TGR is one of
the largest human-made lakes in the world, with capacity of
3.93�1010 m3, water level of 175 m a. s. l, surface area of 1080 km2

and watershed area of over 1.00�106 km2 (Huang et al., 2006). After
the impoundment of TGR, there has been much more attention on
seasonal dynamics of aquatic ecosystem of TGR where limnological
characteristics may be determined predominantly by regional
hydrological processes driven by subtropical monsoon climate
(Zeng et al., 2006; Shao et al., 2008b; Xu et al., 2009). However, TGR
including 40 large reservoir-bays (watershed area of each
bay> 100 km2) was characterized by high spatial heterogeneity. The
surface area of these bays account for 1/3 of the total surface area of
the TGR (Cai and Hu, 2006; Huang et al., 2006), and the full supply
volumes of the bays ranged from 0.02�108 to 17.11�108 m3, with
watershed areas and mean yearly inflow discharges ranging from
113 to 15,7990 km2 and 0.6�108 to 34.24�108 m3, respectively
(CRAES Report, 2004). The high spatial variation in local factors of
TGR may result in temporal asynchrony of limnological variables at
different locations, which might be expected to be driven directly by
subtropical monsoon climate. It is thus necessary to determine
temporal coherence of limnological variables within TGR for better
understanding the relative importance of local and regional factors
affecting on this giant reservoir ecosystem.

Water clarity is one of the core variables being recommended
for the detection and monitoring of aquatic ecosystem changes
(Tegler et al., 2001), and is usually regarded as an important
limnological variable for monitoring the effects of climate change
and other stressors on aquatic ecosystems (Borkman and Smayda,
1998; Gunn et al., 2001; Swift et al., 2006). Water clarity (most
commonly measured as Secchi depth) is a simple measure of the
concentration of light attenuating factors in the water, such as
phytoplankton cells, inorganic suspended solids and color dis-
solved organic matter (Borkman and Smayda, 1998; Morrison et al.,
2006; Swift et al., 2006). It is well known that the seasonal patterns
of sediment loadings of the Yangtze River are closely related to the
Table 2
Geographical distance (km) between sampling sites located in Xiangxi Bay of TGR.

Sites XX01L XX01 XX01R XX02 XX0

XX01 0.33
XX01R 0.71 0.38
XX02 3.77 3.44 3.82
XX03 8.70 8.37 8.75 5.00
XX04 12.97 12.64 13.02 9.27 4.2
XX05L 15.97 15.64 16.02 12.27 7.2
XX05 15.94 15.61 15.99 12.23 7.2
XX05R 16.04 15.71 16.09 12.29 7.2
XX06 17.51 17.18 17.56 13.80 8.8
XX07 19.04 18.71 19.09 15.31 10.3
summer monsoon, which initiates the coming of the flood season
(Chen et al., 2008; Xu et al., 2009). Dynamics of water clarity in TGR
is potentially linked to summer monsoon climate, but the degree of
this link may vary within this giant reservoir ecosystem. Here, the
degree of synchronous dynamics of water clarity among a set of
sampling sites in TGR was measured in order to investigate the
spatial extent of influence on the reservoir ecosystem by the
summer monsoon.

After the first impoundment of TGR, 3-year long records of
monthly observations of water clarity (measured by Secchi depth),
phytoplankton biomass (measured as chlorophyll a), and related
hydrological parameters (such as inflow discharge and water resi-
dence time) are available for the mainstream and Xiangxi Bay of
TGR. This study analyzed temporal fluctuations in water clarity in
the giant subtropical reservoir to determine the relative strength of
the endogenous (local) and exogenous factors in controlling the
lake dynamics, which are relevant for the purpose of ecosystem
management.
2. Investigation area, data and methods

TGR is the primary area investigated by the Xiangxi Ecosystem
Station, Chinese Academy of Sciences (CAS) and China Three-
Gorges Project Corporation (CTGPC). This station is located on
Xiangxi Bay (Fig. 1), which is one of the largest reservoir-bays of
TGR. In order to detect monthly dynamics of the ecosystem, 5
transverse transects (CJ01-CJ05) and 8 sampling sites (XX01-XX08)
are set up for the mainstream and Xiangxi Bay of TGR, respectively
(Fig. 1). More detailed descriptions of the monthly sites for
measurements are given elsewhere (Cai and Hu, 2006; Shao et al.,
2008a,b; Xu et al., 2009). The site XX08 was excluded from this
analysis, because no integrated annual samples were collected. This
was because low water levels in the mainstream during the flood
season prevented the sampling boat from reaching the site.
3 XX04 XX05L XX05 XX05R XX06

7
7 3.00
3 2.96 0.28
9 3.02 0.56 0.28
0 4.53 1.86 1.58 1.86
1 6.04 3.44 3.16 3.44 1.56
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Geographical distance between sites (Tables 1 and 2) were
measured with Measure Tool based on Arc GIS 9.0 software.

This study is based on 3-year observations of transparency (SD,
Secchi Depth) and chlorophyll a (chl. a) from July 2003 to July 2006.
The value of SD was determined with a 20-cm Secchi disc. The chl.
a concentration was determined by a spectrophotometer (Shi-
madzu UV-1601, Japan) following protocols for standard observa-
tions and measurements in aquatic ecosystems (Huang et al., 2000;
Cai, 2007). The data of inflow discharges and water levels of the
TGR were obtained from the CTGPC website, and the inflow
discharge data of Xiangxi Bay was provided by the Hydrological
Station, located upstream from XX08. The reservoir capacity of TGR
and Xiangxi Bay in a given water level was obtained from Huang
et al. (2006). The estimated value of water residence time is
calculated by relating the annual amount of water passing through
the reservoir with the volume of the whole reservoir. Here, the
residence time for each month of a year was calculated as (modified
from George and Hurley, 2003):

s ¼ VT

QT

Where s is water residence time (days) for each month; VT is the
monthly volume (m3) of the waters for T¼ 1, ., 12; QT is the
monthly average inflow discharge (m3 d�1).

Spearman correlation coefficients were used to estimate
temporal coherence of site pairs (Magnuson et al., 1990; Baron and
Caine, 2000; Alves et al., 2008; Lansac-Tôha et al., 2008; Takahashi
et al., 2008). The Spearman rank correlation is a good metric
because it is nonparametric and allows interpretation of the degree
of association between two random variables (Baron and Caine,
2000). To investigate spatial coherency, a triangular site� site
correlation matrix was constructed. Each value in this matrix
represents the strength of the relationship between the temporal
dynamics of variables measured in a pair of sites. Regression
analysis examined the relationships between water clarity and
Table 3
Data summary of chlorophyll a and transparency obtained during the study. Sd¼ standa

Transparency (cm)

Mean Median Sd Min M

All data 152 120 118 4 5
Mainstream 158 130 138 4 5
CJ01L 151 105 131 15 4
CJ01 174 150 149 8 4
CJ01R 169 150 143 10 4
CJ02L 171 160 150 8 4
CJ02 170 110 154 6 5
CJ02R 170 150 147 12 4
CJ03L 147 115 133 4 4
CJ03R 154 120 139 5 4
CJ04L 152 120 126 5 4
CJ04 161 140 138 5 4
CJ04R 152 130 138 5 4
CJ05L 141 120 137 6 4
CJ05 150 120 139 5 4
CJ05R 146 145 127 5 4
Xiangxi Bay 145 120 84 15 4
XX01L 163 130 111 23 4
XX01 169 138 108 22 4
XX01R 165 135 106 20 3
XX02 169 130 94 25 3
XX03 158 130 81 32 3
XX04 150 120 79 32 3
XX05L 133 110 67 30 3
XX05 132 110 63 30 2
XX05R 133 110 70 35 3
XX06 115 100 52 35 2
XX07 108 100 50 15 2
hydrological parameters. Spearman correlation and regression
analysis were all performed in the software SPSS 13.0.

The correlations between the degree of estimated synchrony
and the geographic distance among environments were quantified
by the standardized Mantel statistic (Shanker and Sukumar, 1999;
Alves et al., 2008; Lansac-Tôha et al., 2008). Mantel’s (1967) statistic
is used to test the significance of the relationship between two
symmetrical matrices (Legendre and Fortin, 1989). Variation in the
level of temporal coherence for water clarity between sites (matrix
W) was tested against geographical distance (matrix G) or temporal
coherence of chl a between sites (matrix C) by Mantel’s equation:

r ¼
Xn

i¼1

Xn

j¼1

XijYij=n� 1

Where Xij is temporal coherence of water clarity between sites i and
j (matrix W), and Yij is geographical distance between sites i and j
(matrix G), or is temporal coherence of chl. a between sites i and j
(matrix C). A high negative (and significant) r between W and G
indicates that the temporal coherence of water clarity decreases as
geographical distance increases. A high positive (and significant) r
between W and C indicates that temporal coherence of water
clarity increases as temporal coherence of chl. a increases. Mantel
tests were performed using PC-ORD 4.0 (McCune and Mefford,
1999).
3. Results

A clear spatial and temporal variation in transparency and chlo-
rophyll a was found across the whole study area of TGR (Table 3).
Among the whole study, transparency ranged from 4 to 510 cm with
mean and median values of 152 and 120 cm, respectively, and
phytoplankton biomass (as indicated by chlorophyll a concentration)
varied from the value below the limit of detection (0.1 m g/L) to
190.2 m g/L, with mean and median values of 8.3 m g/L and 1.7 m g/L,
rd deviation.

Chlorophyll a (m g/L)

ax Mean Median Sd Min Max

10 8.3 1.7 18.7 0.1 190.2
10 2.6 1.0 8.0 0.1 126.5
31 15.4 1.8 25.7 0.1 126.5
40 2.1 1.0 3.5 0.2 17.8
50 2.3 1.2 2.9 0.1 11.3
80 1.4 1.0 1.3 0.1 5.9
10 1.2 0.8 1.1 0.1 5.1
80 2.1 1.0 2.9 0.1 12.8
20 1.3 0.9 1.9 0.1 10.8
10 1.6 0.9 2.1 0.1 11.5
00 3.2 1.2 4.2 0.1 16.8
25 1.7 1.0 2.3 0.1 13.0
30 1.6 0.9 2.2 0.2 11.9
60 1.0 0.7 0.9 0.1 4.7
65 0.9 0.7 0.9 0.1 4.5
30 1.2 0.9 1.1 0.1 5.5
60 15.6 8.2 24.9 0.2 190.2
60 12.2 3.1 28.6 0.3 164.6
40 10.4 2.8 27.0 0.5 161.4
80 11.1 2.8 27.8 0.4 164.8
95 12.2 3.9 27.8 0.2 167.7
85 12.6 5.3 15.8 0.4 73.1
50 14.2 6.5 17.7 0.6 93.4
20 18.1 11.6 20.0 1.3 89.7
90 17.8 9.3 20.8 3.4 117.2
10 18.1 11.7 23.0 2.0 132.0
25 23.3 11.8 35.7 1.0 190.2
35 21.5 13.3 22.4 1.8 103.1



Table 4
Spearman correlations (temporal coherence) between temporal trajectories of transparency (lower triangle) and chlorophyll a (upper triangle) in 14 sites at the mainstream of
TGR.

Sites CJ01L CJ01 CJ01R CJ02L CJ02 CJ02R CJ03L CJ03R CJ04L CJ04 CJ04R CJ05L CJ05 CJ05R

CJ01L 0.661** 0.515** 0.626** 0.530** 0.762** 0.498** 0.617** 0.328* 0.396* 0.485** 0.314 0.406* 0.330*
CJ01 0.909** 0.627** 0.545** 0.536** 0.695** 0.730** 0.776** 0.421* 0.568** 0.536** 0.491** 0.621** 0.578**
CJ01R 0.894** 0.981** 0.556** 0.422* 0.473** 0.694** 0.470** 0.251 0.468** 0.463** 0.488** 0.412* 0.463**
CJ02L 0.882** 0.970** 0.979** 0.741** 0.486** 0.694** 0.651** 0.364* 0.463** 0.600** 0.539** 0.471** 0.481**
CJ02 0.887** 0.978** 0.974** 0.991** 0.432** 0.569** 0.683** 0.163 0.330* 0.428** 0.573** 0.584** 0.640**
CJ02R 0.904** 0.972** 0.966** 0.982** 0.976** 0.656** 0.635** 0.242 0.393* 0.434** 0.253 0.475** 0.444**
CJ03L 0.892** 0.972** 0.972** 0.988** 0.982** 0.976** 0.789** 0.454** 0.600** 0.668** 0.663** 0.678** 0.660**
CJ03R 0.906** 0.975** 0.970** 0.979** 0.976** 0.976** 0.979** 0.384* 0.471** 0.463** 0.627** 0.663** 0.569**
CJ04L 0.915** 0.955** 0.939** 0.948** 0.953** 0.955** 0.961** 0.954** 0.734** 0.651** 0.607** 0.370* 0.483**
CJ04 0.892** 0.969** 0.967** 0.986** 0.982** 0.975** 0.983** 0.986** 0.960** 0.675** 0.614** 0.613** 0.603**
CJ04R 0.872** 0.957** 0.978** 0.977** 0.969** 0.968** 0.965** 0.965** 0.919** 0.972** 0.633** 0.440** 0.484**
CJ05L 0.886** 0.978** 0.984** 0.981** 0.980** 0.973** 0.975** 0.983** 0.953** 0.978** 0.975** 0.673** 0.737**
CJ05 0.894** 0.970** 0.968** 0.978** 0.983** 0.974** 0.976** 0.988** 0.954** 0.984** 0.970** 0.986** 0.720**
CJ05R 0.895** 0.963** 0.948** 0.961** 0.972** 0.966** 0.967** 0.976** 0.964** 0.976** 0.948** 0.968** 0.984**

** Correlation is significant at the 0.01 level 2-tailed.
* Correlation is significant at the 0.05 level 2-tailed.
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respectively. Mean transparency of the TGR mainstream ranged from
141 to 174 cm, with mean and median values of 158 and 130 cm,
respectively, and that of Xiangxi Bay ranged between 108 and
169 cm, with mean and median values of 145 and 120 cm, respec-
tively. The seasonal variation of transparency in the TGR mainstream
(standard deviation¼ 138 cm, Table 3) was higher than that in
Xiangxi Bay (standard deviation¼ 84 cm, Table 3). Low values of
phytoplankton biomass were often found in the mainstream of TGR,
whereas high values were frequently observed in Xiangxi Bay. Mean
concentration of chlorophyll a in the mainstream of TGR ranged from
0.9 to 15.4 m g/L, with mean and median values of 2.6 m g/L and
1.0 m g/L, respectively, while that in Xiangxi Bay varied between 10.4
and 23.3 m g/L, with mean and median values of 15.6 m g/L and
8.2 m g/L, respectively. The seasonal variation of chlorophyll a in the
TGR mainstream (standard deviation¼ 8.0 m g/L) was lower than
that in Xiangxi Bay (standard deviation¼ 24.9 m g/L, Table 3).

A high degree of temporal coherence in water clarity between
pairs of sites was found for the TGR mainstream (ranging from
0.872 to 0.991 and mean¼ 0.960; Table 4). By contrast, synchrony
in seasonal fluctuations of water clarity within Xianxi Bay was
lower (varying from 0.396 to 0.971 and mean¼ 0.785; Table 5). The
low level of synchronous fluctuations of water clarity was detected
between the downstream sites (XX01L, XX01, and XX01R) and
upstream sites (XX06 and XX07) of Xianxi Bay, and temporal
coherence of water clarity is always lower than 0.5, ranging from
0.396 to 0.497 (Table 5). There is a high level of temporal coherence
in water clarity between the downstream of Xiangxi Bay and the
TGR mainstream, but a low level of synchronous fluctuations was
found between the upstream of Xianxi Bay and the TGR main-
stream (Table 6).
Table 5
Spearman correlations (temporal coherence) between temporal trajectories of transparen

Sites XX01L XX01 XX01R XX02 XX03

XX01L 0.841** 0.869** 0.612** 0.443**
XX01 0.971** 0.913** 0.746** 0.564**
XX01R 0.970** 0.967** 0.803** 0.616**
XX02 0.922** 0.938** 0.929** 0.852**
XX03 0.871** 0.890** 0.861** 0.937**
XX04 0.893** 0.888** 0.861** 0.927** 0.963**
XX05L 0.700** 0.719** 0.694** 0.762** 0.813**
XX05 0.711** 0.724** 0.692** 0.768** 0.787**
XX05R 0.648** 0.663** 0.653** 0.744** 0.772**
XX06 0.462** 0.497** 0.476** 0.563** 0.632**
XX07 0.396* 0.422* 0.402* 0.524** 0.597**

** Correlation is significant at the 0.01 level 2-tailed.
* Correlation is significant at the 0.05 level 2-tailed.
Mean monthly inflow discharges of the TGR mainstream and
Xiangxi Bay (ranging from 4414 to 34,761 m3 s�1 and 13 to
180 m3 s�1, respectively), displayed a consistent seasonal trend, with
a peak during the summer monsoon (Fig. 2a). Mean monthly resi-
dence time also showed a consistent seasonal variation in the TGR
mainstream and Xianxi Bay, ranging from 5 to 39 days and 26 to 388,
respectively (Fig. 2b). A high level of temporal coherence for inflow
discharges and water residence time were found between the TGR
mainstream and Xiangxi Bay (Spearman’s correlation¼ 0.709 and
0.690, respectively).

Water clarity of the TGR mainstream showed a stronger
response to hydrological conditions than that of Xianxi Bay. In the
mainstream of TGR, both inflow discharges and water residence
time were significantly related to transparency, explaining
77.1–90.6% and 78.2–91.8% of the variance, respectively (Table 7).
For Xiangxi Bay, inflow discharges and water residence time only
explained 11.5–52.1% and 8.8–46.0% of the variance in trans-
parency, respectively (Table 8), although there were also significant
relationships between hydrological parameters and transparency
in most sites.

There is no obvious decrease in temporal coherence of water
clarity with increasing geographical distance and no significant
relationship between the temporal coherence of water clarity with
that of chlorophyll a in the TGR mainstream (Mantel’s test, Table 9).
In addition, similar regional patterns of transparency significantly
followed the seasonal dynamics of hydrological variables (Table 7).
These results suggest that the water clarity of the TGR mainstream
was affected by regional scale factors (subtropical monsoon
climate). By contrast, temporal coherence between site pairs of
Xiangxi Bay displayed a significant decline with increasing
cy (lower triangle) and chlorophyll a (upper triangle) in 11 sites at Xiangxi Bay of TGR.

XX04 XX05L XX05 XX05R XX06 XX07

0.532** 0.371* 0.361* 0.431** 0.195 �0.027
0.600** 0.410* 0.453** 0.391* 0.167 �0.024
0.662** 0.450** 0.408* 0.451** 0.177 0.021
0.873** 0.692** 0.657** 0.662** 0.480** 0.325
0.932** 0.741** 0.659** 0.657** 0.437** 0.219

0.817** 0.747** 0.751** 0.502** 0.230
0.847** 0.833** 0.831** 0.551** 0.290
0.827** 0.941** 0.822** 0.684** 0.312
0.818** 0.938** 0.955** 0.660** 0.499**
0.670** 0.853** 0.851** 0.886** 0.678**
0.594** 0.772** 0.800** 0.781** 0.821**



Table 6
Spearman correlations (temporal coherence) of temporal trajectories of transparency between 14 sites at the mainstream and 11 sites at Xiangxi Bay of TGR.

Sites XX01L XX01 XX01R XX02 XX03 XX04 XX05L XX05 XX05R XX06 XX07

CJ01L 0.857** 0.883** 0.882** 0.856** 0.828** 0.804** 0.657** 0.627** 0.545** 0.399* 0.359*
CJ01 0.871** 0.869** 0.874** 0.805** 0.780** 0.752** 0.560** 0.543** 0.450** 0.354* 0.300
CJ01R 0.864** 0.866** 0.871** 0.798** 0.779** 0.753** 0.551** 0.518** 0.438** 0.334* 0.279
CJ02L 0.861** 0.864** 0.866** 0.801** 0.782** 0.761** 0.548** 0.528** 0.447** 0.346* 0.292
CJ02 0.858** 0.858** 0.867** 0.802** 0.764** 0.744** 0.551** 0.532** 0.447** 0.349* 0.318
CJ02R 0.882** 0.873** 0.878** 0.811** 0.771** 0.773** 0.537** 0.531** 0.439** 0.318 0.257
CJ03L 0.879** 0.874** 0.877** 0.819** 0.799** 0.782** 0.572** 0.551** 0.467** 0.353* 0.296
CJ03R 0.863** 0.854** 0.847** 0.786** 0.782** 0.758** 0.535** 0.501** 0.403* 0.292 0.268
CJ04L 0.912** 0.924** 0.917** 0.878** 0.832** 0.811** 0.584** 0.587** 0.500** 0.356* 0.311
CJ04 0.872** 0.865** 0.861** 0.805** 0.785** 0.767** 0.541** 0.527** 0.434** 0.301 0.269
CJ04R 0.861** 0.840** 0.851** 0.777** 0.750** 0.744** 0.515** 0.496** 0.400* 0.284 0.254
CJ05L 0.865** 0.860** 0.872** 0.786** 0.764** 0.743** 0.522** 0.495** 0.405* 0.298 0.263
CJ05 0.861** 0.847** 0.854** 0.777** 0.766** 0.743** 0.504** 0.488** 0.393* 0.274 0.276
CJ05R 0.875** 0.862** 0.867** 0.793** 0.747** 0.730** 0.526** 0.531** 0.417* 0.282 0.259

** Correlation is significant at the 0.01 level 2-tailed.
* Correlation is significant at the 0.05 level 2-tailed.
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geographical distance,(Mantel’s test, Table 9) and the temporal
coherence of chlorophyll a was a significant predictor of temporal
coherence for water clarity in Xiangxi Bay (Mantel’s test, Table 9),
implying a predominance of local factors.

4. Discussion

In field monitoring on lakes, the optical clarity of water plays an
important role in casual judgments about water quality (Pfann-
kuche et al., 2000; Smith et al., 2006). Water clarity is often used by
the public as a basis for judging aesthetic characteristic of waters as
well as the safety of water contact (Jassby et al., 1999). The
Fig. 2. Temporal changes of (a) inflow discharge and (b) water reside
attenuation of light in water can be attributed to four components:
the water molecules themselves, substances dissolved in the water,
phytoplankton cells, or suspended inorganic particles (Kirk, 1994).
Changes in one or more of these four components should result in
the dynamics in water clarity. Eutrophication, caused by excess
inputs of nutrients from the watershed, always has an important
impact on increase in phytoplankton biomass, resulting in
decreases in water transparency (Lathrop et al., 1996; Carpenter
et al., 1998, 1999; Portielje and Molen, 1999). In addition to nutri-
ents input, suspended particles which are also carried in by
streams, lead to light attenuation and decrease water clarity
(Davies-Colley and Smith, 2001; Swift et al., 2006). Because
nce time (WRT) in the mainstream and Xiangxi Bay of the TGR.



Table 7
Linear relationship between water clarity and inflow discharge or water residence time of the TGR mainstream.

Sites Inflow discharge Water residence time

Constant b0 Slope b1 R2 Constant b0 Slope b1 R2

CJ01L 7.437 �1.348 0.771** 0.404 1.334 0.782**
CJ01 9.418 �1.840 0.894** �0.181 1.817 0.903**
CJ01R 8.835 �1.692 0.894** 0.017 1.664 0.896**
CJ02L 9.456 �1.853 0.901** �0.208 1.828 0.909**
CJ02 9.580 �1.887 0.893** �0.260 1.862 0.901**
CJ02R 8.967 �1.726 0.906** �0.039 1.707 0.918**
CJ03L 10.004 �2.014 0.876** �0.498 1.988 0.885**
CJ03R 10.168 �2.051 0.887** �0.531 2.025 0.896**
CJ04L 8.352 �1.581 0.789** 0.105 1.562 0.797**
CJ04 9.480 �1.864 0.890** �0.241 1.838 0.897**
CJ04R 9.902 �1.983 0.886** �0.436 1.954 0.891**
CJ05L 9.362 �1.854 0.878** �0.305 1.829 0.885**
CJ05 9.381 �1.845 0.906** �0.238 1.818 0.912**
CJ05R 8.987 �1.750 0.847** �0.143 1.729 0.856**

** Relationship is significant at the 0.01 level 2-tailed.

Y. Xu et al. / Quaternary International 226 (2010) 151–159 157
management strategies to control algae and to control soil erosion
are quite different, the relative importance of phytoplankton and
suspended inorganic particles needs to be resolved for an effective
management strategy.

The results indicate that the TGR mainstream exhibited a high
degree of coherency in water clarity but Xiangxi Bay did not (Tables
4 and 5). In addition, the present study showed that mean
concentration and seasonal variation of the chlorophyll a in the TGR
mainstream were lower than that in Xiangxi Bay (Table 3). More-
over, seasonal variations of water clarity were associated with
variations of chlorophyll a concentrations in Xianxi Bay, but not in
the mainstream of TGR (Table 9). These contrasts suggest that the
dynamics of water clarity in TGR mainstream is likely caused by
regional hydrological processes driven by subtropical monsoon
climate, while for the Xiangxi Bay, local processes such as phyto-
plankton dynamics may override the regional effects of hydrolog-
ical processes.

In a previous study, Xu et al. (2006) revealed that phytoplankton
concentration (measured as chlorophyll a concentrations) was the
most important constituent responsible for spatial distribution and
temporal variation of the PAR attenuation coefficients. In the
mainstream of TGR, attenuation by phytoplankton cells may be
assumed to exhibit no seasonal trend, since there have been no
algal blooms reported until now. While in Xiangxi Bay, attenuation
by phytoplankton cells had significant seasonal dynamics, because
seasonal algal blooms were observed (Cai and Hu, 2006; Ye et al.,
2007). Thus for Xiangxi Bay, reducing nutrient input should be
considered as an important step in the development of effective
water quality management.
Table 8
Linear relationship between water clarity and inflow discharge or water residence time

Sites Inflow discharge

Constant b0 Slope b1 R2

XX01L 3.293 �0.747 0.450*
XX01 3.269 �0.722 0.463*
XX01R 3.309 �0.756 0.469*
XX02 3.055 �0.572 0.374*
XX03 2.948 �0.510 0.415*
XX04 2.992 �0.552 0.521*
XX05L 2.786 �0.452 0.388*
XX05 2.801 �0.459 0.441*
XX05R 2.795 �0.459 0.396*
XX06 2.537 �0.332 0.216*
XX07 2.429 �0.284 0.115*

** Relationship is significant at the 0.01 level 2-tailed.
Generally speaking, damming of rivers results in increases in
residence time and reduction in suspended inorganic particles
(Friedl and Wüest, 2002). However, the situation in the mainstream
of TGR may be different. Following the classification of Straškraba
and Tundisi (1999), the TGR mainstream was still a fully mixed
system in the flood season and an intermediate system in the dry
season (Xu et al., 2009). In addition, seasonal high sediment load-
ings from the drainage basin are usually induced by subtropical
monsoon (Chen et al., 2008). The linkage between hydrological
parameters and transparency observed in this study (Table 7)
indicates that seasonal dynamics of water clarity in the TGR
mainstream were caused by particle inputs from storm water
runoff rather than local algal abundances. For improving water
clarity, it is thus necessary to pay more attention to management
strategies for soil erosion control for the mainstream.

It would be expected that data gathered for a single system
should show a much higher level of temporal coherence (George
et al., 2000; Kent et al., 2007). However, the variation in the levels of
temporal coherence was still detected in this study. One important
reason for the variation may be that the giant system was very
heterogeneous in habitat type due to different combinations of lotic
and lentic environments. Following the standard of Søballe and
Kimmel (1987), the mainstream of TGR was often regarded as lotic
systems had residence times of 2–75 days, whereas Xiangxi Bay
belonged to lentic systems with average residence times higher
than 120 days. In a lotic environment (mainstream), high flows and
exchange of light attenuating particles overwhelmed local
dynamics and resulted in a high level of synchrony fluctuations of
water clarity. The fact that there is an association between
of Xiangxi Bay.

Water residence time

Constant b0 Slope b1 R2

* 0.559 0.742 0.348**
* 0.626 0.718 0.359**
* 0.524 0.760 0.371**
* 0.897 0.599 0.321**
* 1.043 0.525 0.344**
* 0.894 0.586 0.460**
* 1.061 0.483 0.346**
* 1.063 0.484 0.383**
* 1.009 0.507 0.378**
* 1.257 0.361 0.200**
* 1.394 0.280 0.088**



Table 9
Mantel statistics and associated probabilities evaluating the relationships among the
spatial synchrony of water clarity (W) and geographical distance (G) and the spatial
synchrony of chlorophyll a (C).

Matrix C G

Mainstream W 0.249 �0.186
Xiangxi Bay 0.893** �0.767**

** Correlation is significant at the 0.01 level 2-tailed.
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hydrological parameters and water clarity indeed suggests that
regional factors were responsible for water clarity of the TGR
mainstream. In lentic environment (Xiangxi Bay), low dispersal of
light attenuating particles among locations cannot overwhelm
these local dynamics and caused the variation in the levels of
temporal coherence for water clarity. The present study showed
geographic distance and phytoplankton biomass were significant
predictors of the temporal coherence variation in Xiangxi Bay.

From an applied perspective for monitoring lake dynamics, one
of the important objectives of most studies on temporal coherence
is to verify whether the results obtained in a single lake can be
extrapolated to other lakes within the same geographical region
(Arnott et al., 2003; Chrzanowski and Grover, 2005; Fölster et al.,
2005). High temporal coherence indicated that data gathering in
few sites is available for understanding regional lake trends, while
low spatial synchrony indicated that results obtained in a single site
cannot be extrapolated to the entire regional lakes (Urquhart et al.,
1998; Lansac-Tôha et al., 2008). High temporal coherence for
transparency within the mainstream of TGR showed that trend for
water clarity observed in a single site can be extrapolated to the
entire mainstream. In contrast, low temporal coherence within
Xiangxi Bay indicted that a set of sampling sites should be required
for a successful observation on the dynamics of the reservoir-bay.

5. Conclusion

The dynamics of transparency were studied in relation to
hydrological processes and phytoplankton dynamics in the TGR.
High coherency among sites across the TGR mainstream suggests
a synchronizing regional response of water clarity in the main-
stream to hydrological processes which are driven by summer
monsoon climate. On the contrary, the dynamics of transparency
within Xiangxi Bay are characterized by dissimilar seasonal
patterns among sites, suggesting that local processes (phyto-
plankton dynamics) instead of regional hydrological processes are
the main determinants of the water clarity dynamics in the reser-
voir-bay.
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