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Seasonal Patterns of Sedimentation and Their
Associations with Benthic Communities in Xiangxi Bay
of the Three Gorges Reservoir, China

Meiling Shao?®, Lili He?¢, Xingin Han?®, Zhicai Xie?,
Daofeng Li?, and Qinghua Caiad

ABSTRACT

Sedimentation variables and benthic community data were collected at seven
stations during four seasons in Xiangxi Bay of the Three Gorges Reservoir, China.
Summer, the season of highest discharge into the reservoir, was characterized by the
extreme sediment loading. The benthic macroinvertebrate community was dominated by
oligochaetes across all seasons at most stations. In winter/spring, macroinvertebrate
density and richness increased. Correspondence analysis showed that community
structure differed among stations at the two ends of the bay in winter and among almost
all stations in spring. However, no variable associated with sedimentation appeared to be
associated with differences in the community.

INTRODUCTION

With impoundment of the Three Gorges Reservoir (TGR) in June 2003, vast areas
of land were inundated, and the surface of the reservoir will reach 1,080 km? when the
project is completed in 2009 (Wu et al. 2003, Zeng et al. 2006). A 25-km reach of the
mouth of the Xiangxi River was inundated by the reservoir and now formed Xiangxi Bay
(Shao et al. 2007). As a typical representative of bays of the TGR, Xiangxi Bay was
investigated widely after its formation (e.g., Hu and Cai 2006, Ye et al. 20064, Fu et al.
2006). As the system changed from a lotic to a more lentic-like state, Xiangxi Bay
underwent severe eutrophication (Cai and Hu 2006, Ye et al. 2006b). Algal blooms
frequently occurred in the bay in spring (Han et al. 2006). The substratum of Xiangxi Bay
apparently changed after impoundment from cobble and gravel to silt and sand (Shao et
al. 2006). To our knowledge, however, no related quantitative sedimentation studies exist
on Xiangxi Bay or on similar bays.

Sediment loading can significantly impact aquatic ecosystems and these effects
have been widely researched (e.g., Cohen et al. 1993, Wood and Armitage 1997,
Donohue and Irvine 2004). Sedimentation by particulate inorganic matter (PIM) causes
physical effects on the environment and organisms, such as decreasing the nutritional
value of detritus (e.g., Graham 1990), filling interstitial spaces (e.g., Crisp 1989,
Schilchli 1992), making the substratum unstable, or directly killing macroinvertebrates
(e.g., Chou et al. 2004). Sedimentation by particulate organic matter (POM) limits
nutrient transport to the bottom (Bloesch and Uehlinger 1986, Cocito et al. 1990).
Sedimentation can also alter the grain size distribution, which can strongly influence
benthic invertebrates (e.g., Cummins and Lauff 1969, Williams 1978, Sauter and Giide
1996, Beckmann et al. 2005). For example, it is reported that oligochaetes favor fine
sediments, while chironomids favor coarser sediments (Callisto et al. 2005). Species
distributed in tributary mouths usually prefer relatively fine substrata (Beckmann et al.
2005), while pollution-sensitive taxa often prefer substrate > 64 mm (Beauger et al. 2006).
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However, most analyses of grain size distribution were based on the sediments collected
from the riverbed rather than newly deposited sediments.

The benthic assemblages in Xiangxi Bay have changed dramatically between
2003 and 2005, and oligochaetes dominated the system during the second year after the
impoundment of the TGR (Shao et al. 2006). We investigated the seasonal patterns of
sedimentation in Xiangxi Bay and their relationship with macroinvertebrate assemblages.

METHODS AND MATERIALS

Seven stations (X01 to X07) along a lengthways transect of Xiangxi Bay were
surveyed in November 2005 (autumn), January 2006 (winter), April 2006 (spring) and
July 2006 (summer). X01 was located near the mouth of the Xiangxi River, and X07 was
upstream near the end of the bay. From X01 to X07, the depth of each station was
approximately 70, 50, 30, 30, 20, 10, and 5 m, respectively.

Nine sedimentation variables were measured at each station for each survey,
except in the case of X06 in July 2006 due to lost sediment traps (Table 1). These
variables included the sedimentation rates of total particulate matter (TPM), PIM, and
POM and %POM. We measured particle size of TPM including mean diameter (Dy), the
percent of sand-size particles (%sand, grain size > 63 um to < 2 mm), the percent of
silt-size particles (%osilt; grain size > 4 um to < 63 um), the percent of clay-size particles
(%clay; grain size <4 um), and the diversity index of particle size (D).

Sediment traps were used to determine the newly deposited particulate matter.
These traps (Huang 2000) were suspended 0.5 m above the bottom by an anchored rope.
Two traps were placed at each station for each survey, and mean values were calculated
for each station. Sediment traps were retrieved after 24 h to reduce risk of decomposition
(Taguchi 1982, Koop and Larkum 1987). The collected materials, both sediments and
water in the trap, were emptied into a polyethylene bottle. The bottie was shaken gently
to mix the contents, and subsamples were taken from the mixture for various analyses
following the procedure of Clavier et al. (1995). Five hundred mL of the mixture were
filtered through a weighed pre-ignited glass fiber filter (Whatman GF/F), dried at 105°
until constant weight, and weighed to determine TPM. Then each filter was ashed at 550°
for 30 minutes and reweighed to calculate PIM. POM, treated as potential food resource
for benthos, was determined by subtracting PIM from TPM. The organic content was
computed as %POM =POM / TPM * 100%. The sedimentation rates of particles were
calculated as g - m™ - d"'. An additional 500 mL of the mixture was taken for particle size
analysis of TPM using a laser particle size analyzer (Mastersizer 2000, Malvern
Instruments Ltd., UK). The output included particle size distribution and mean diameter
of particles.

Macroinvertebrates were collected using a modified Peterson grab sampler (Liang
1987) (area 0.0625 m’ ) once at each station for each survey. Samples were passed
through a 200-pum mesh sieve, and material retained was preserved in 4% formaldehyde.
Most specimens were identified at least to genus, and all macroinvertebrate densities
were expressed as individuals m?,

In addition, monthly discharge data of the Xiangxi River after the impoundment
(2004-2005) was supplied by Xianshan Hydrological Station, a station upstream from
X07.

Heterogeneity of newly deposited sediment was determined from grain size data
using a Simpson diversity index (D) (Brittain et al. 2001). The index was calculated using

the formula D=1-3"p, ?, where p; is the proportion of ith particle size classes.

Differences in sedimentation variables and macroinvertebrate density and richness
among surveys were determined using a repeated measures analysis of variance (RM
ANOVA; SPSS 13.0). Macroinvertebrate density and richness and sedimentation rates of
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TPM, PIM, POM, and Dy were log,o-transformed prior to analyses, and percent metrics
(%POM, %sand, Y%silt, and %clay) were arcsin-transformed. All RM ANOVAs were
performed following the procedure of Vinueza et al. (2006). Mauchly’s tests of sphericity
were run for all RM ANOVAs. Greenhouse-Geisser corrections were chosen only when
the data did not meet the sphericity assumptions. If within-subjects effects of RM
ANOVA were significant, differences among the main effects of seasons were compared
using Bonferroni adjusted confidence interval (95%). Differences among stations were
assessed by mean values and coefficients of variation (CV) of each variable.

We compared the relative abundances of macroinvertebrates to determine
differences in community structure among the four surveys using multi-response
permutation procedures (MRPP; PC-ORD 4), with Euclidean distance as the distance
measure, and correspondence analysis (CA; PC-ORD 4). MRPP is a nonparametric
statistical method for testing the hypothesis of no difference in community structure
between two or more a priori groups (Bestelmeyer and Wiens 2001, Hylander et al.
2005). CA is an indirect ordination method, which examines the primary gradients in
community structure independently of measured environmental factors (Bestelmeyer and
Wiens 2001).

To examine relationships between community structure and sedimentation
variables, we performed a separate canonical correspondence analysis (CCA; CANOCO
4.5) for each survey. CCA is a multivariate analysis technique relating community
composition to environmental variables (Didham et al. 1998). Bioplot scaling was chosen,
and the scale of the CCA plot was a function of inter-sample distances. Rare species were
downweighted. The criteria used to retain variables in the CCA model followed Peeters et
al. (2004). In short, the contribution and significance of each variable was assessed in
manual selection, and Monte Carlo permutation tests were used (number of permutations:
199) under the reduced model. The permutation was restricted to a linear transect design.
The variable with the highest and significant (p < 0.05) contribution was included in each
calculation until no variable had a significant contribution. Next, the variable with the
highest variance inflation factor (VIF) was removed in each calculation until all VIFs
were smaller than 20 (Peeters et al. 2004).

We examined relationship between sedimentation rates of TPM and discharge
using an association test. However, due to lack discharge data of 2006, mean values of
corresponding months in 2004 and 2005 were calculated for analysis. Also, we performed
association tests to examine relationships between sedimentation variables and
macroinvertebrate data (density and richness). All association tests were two-tailed and
were performed with Pearson correlation test (SPSS 13.0).

RESULTS

PIM was the dominant component of TPM across all seasons at all stations
(75.8-96.0%) (Table 1). Sedimentation rate of TPM differed between seasons (p < 0.001;
Table 2) and was an order of magnitude higher in the summer than in other seasons at
most stations. Similar patterns were also found both for PIM and for POM.
Sedimentation rates of TPM correlated positively with discharge (» = 0.984, p = 0.016)
(Fig.1). Silt-size particles dominated the trapped particles across all seasons at all stations
(51.7-91.5%). All five particle size variables differed between seasons (p < 0.05 in all
cases). Autumn was characterized by lower %clay than summer (p = 0.043), and spring
was characterized by higher Simpson index than winter (p = 0.028) and summer (p =
0.002).

Sedimentation rates of TPM at X02 and X07 were low compared with other
stations (Table 1). Also, similar trends were found both for PIM and for POM. However,
the CVs of sedimentation rates at each station were relatively high because of the
extreme sediment loading in summer. Furthermore, %POM, D, and %sand were all
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relatively high at X02. Also, the CVs of Dy, %esand, %silt and %clay were relatively high
at X02.

A total of 35 macroinvertebrate taxa was collected during the study. They
included two families of Oligochaeta (48.6% of the total taxa number), Chironomidae
{(45.7%), Tipulidae (2.9%), and Nematoda (2.9%). Taxon richness was different between
surveys (p = 0.034; Table 2). Autumn had lower taxon richness than winter (p = 0.026)
and spring (p = 0.001). Densities differed between surveys (p = 0.009), and densities in
spring were significantly higher than those in winter (p = 0.035). Except in cases of X02
and X07 in January 2006, oligochaetes became the sole dominant group (66.7-100%)
(Table 1).

Stations in the middle stretch of the bay (X03-X06) had high densities of
macroinvertebrates compared with other stations (Table 1). Especially, mean densities in
X03-X05 were an order of magnitude higher than those in X01, X02, and X07.
Oligochaetes absolutely dominated communities in X03-X06. Mean relative abundances
of oligochaetes in these four stations were all higher than 97% and the CVs were all
lower than 4%.

Table 1. Sedimentation variables and macroinvertebrate data collected at seven stations during four seasons. Values are

means (+ SE). CV = coefficient of variation. The mean sediment values for station X06 are not calculated since
the July (summer) sediment traps were lost.

X01 X02 X03 X04 X0s X06 X07

Total particulate matter (g - m2 - d-1), TPM

Mean 114.5(799) 49.7 (35.6) 180.3 (149.9) 254.6 (208.6) 95.3 (68.4) 43.3(18.9)

cv 139.7% 143.4% 166.3% 163.8% 143.6% 87.5%
Particulate inorganic matter (g - m2 - d-!), PIM

Mean 105.8 (73.8) 443 (33.6) 168.4 (141.8)  239.1 (195.8) 88.6 (64.3) 389(17.1)

cv 139.4% 151.6% 168.3% 163.8% 145.1% 87.7%
Particulate organic matter (g - m2 - d-1), POM

Mean 8.6 (6.1) 5.4(22) 11.9(8.2) 15.6 (12.8) 6.7 (4.3) 44(1.9)

cv 142.8% 82.8% 137.8% 164.6% 126.7% 87.9%
Organic content, %POM

Mean 84Q2.1) 19.6 (4.2) 10.6 (1.8) 6.6 (1.2) 12.54.1) 11.7(2.4)

v 50.3% 43.3% 34.8% 35.4% 66.1% 40.7%
Mean particle size (um), Dy

Mean 18.0(3.9) 60.4 (30.3) 27.0(7.3) 25.8(5.1) 29.4 (8.6) 26.5 (2.8)

cv 43.7% 100.2% 53.8% 39.3% 58.3% 21.2%
Percent of sand-size particles, %sand

Mean  33(1.5) 17.1 9.7) 853.7) 7.1 (2.8) 83.3(3.9) 6.7(1.0y

cv 93.9% 113.1% 86.8% 79.8% 94.9% 31.3%
Percent of silt-size particles, %silt

Mean 81.04.7) 73.4 (7.5) 78.1 (4.2) 82.3 (2.3) 84.7 (3.0) 86.3(1.2)

v 11.6% 20.3% 10.6% 5.5% 7.0% 2.7%
Percent of clay-size particles, %clay

Mean 15.8(4..4) 9.4 (4.7) 13.4 (3.6) 10.6 (3.3) 7.02.2) 7.0 (0.4)

v 55.4% 99.4% 53.2% 62.8% 62.4% 10.1%
Simpson diversity index, D

Mean 03 (0.0) 0.4 (0.0) 0.4 (0.1) 0.3 (0.0) 0.3 (0.0 0.2 (0.0)

v 40.6% 24.3% 31.7% 22.2% 329% 15.0%
Density (ind./m?)

Mean 1,552(1,189) 3,544 (1,496) 26,066 (1,852) 27.804 (4,648) 35,854 (12,291) 8,352 (3,675) 1,068 (584)

cv 153.2% 84.4% 14.2% 33.4% 68.6% 88.0% 109.3%
Richness

Mean 5.0(1.6) 8522 10.5(1.6) 9.8(1.9) 6.8 (2.0) 7.0(1.3) 6.0 (1.7)

cv 63.2% 51.3% 29.6% 38.7% 59.7% 36.9% 57.7%
Relative abundance of oligochaetes (%)

Mcan 80.5 (6.8) 76.4 (15.1) 98.0(1.2) 99.0 (0.5) 99.6 (0.3} 97.1(19) 70.9 (23.7)

cv 16.9% 39.4% 2.5% 1.0% 0.5% 3.9% 66.9%
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Community structure differed significantly (p = 0.02) between seasons as shown
by MRPP. The average distance (similarity) among stations in summer was the shortest
(0.1820), which meant there was a much higher similarity in community structure among
stations during summer. Average distance was (.3307 in autumn, 0.5614 in spring, and
0.7493 in winter. Fig. 2 shows assemblage structures by all samples. The first two
ordination axes accounted for 58.8% of the cumulative variance. Community structures
in autumn and summer were similar. In winter, community structure varied between
stations X01, X02 and X07. In spring, community structure differed among nearly all
stations.

Sedimentation appeared to have little effect on benthic communities as no
significant sedimentation variable was found in the four CCAs and no correlations were
observed between sedimentation variables and macroinvertebrate density and richness.

DISCUSSION

It is important to note that our study was confined to one bay of the TGR.
Consequently, it is possible that our results do not comprehensively describe the
relationship between sedimentation and the benthic community. Before the study, we
attempted to select a bay with no or slight sedimentation as a reference bay. However, the
seasonal pattern of discharge of the whole TGR is profoundly controlled by monsoons.
Because extensive destruction of vegetation has occurred in the upper reaches (Hui et al.
2000, Yin and Li 2001), sediment loads significantly increase during the flood season. In
our study, the positive correlation between discharge and sedimentation rates of TPM was
demonstrated. The characteristic -- the seasonal pattern of sediment loads — is also
reflected by the operation pattern of the TGR (i.e., storing clear water after flood seasons

Table 2. Summary of RM ANOVA for sedimentation variables and macroinvertebrate density and richness.

Mauchly's Test of within-subjects effects
Variable  testof Pairwise comparisons
sphericity
Source SS df MS F P

TPM p=0.784 Sphericity Season 6.150 3 2.050 33.478 <0.001 Nov. 2005-July 2006, p = 0.005
assumed Emor 0919 15 0.061 Jan. 2006-July 2006, p < 0.001
Apr. 2006-July 2006, p = 0.009

PIM p=0822 Sphericity Season 6.505 3 2.168 31.637 <0.001 Nov. 2005-July 2006, p = 0.004

assumed Error 1.028 15 0.069 Jan. 2006-July 2006, p < 0.001
Apr. 2006-July 2006, p = 0.011

POM  p=0204 Sphericity Season 4.123 3 1.374 38.028 <0.001 Nov. 2005-July 2006, p = 0.024
assumed Emor 0.542 15 0.036 Jan. 2006-July 2006, p < 0.001

Apr. 2006-July 2006, p = 0.005

%POM p =0.983 Sphericity Season 0.060 3 0.020 3.455 0.044
assumed Eror 0.087 15 0.006

Do p=0301 Sphericity Season 0.647 3 0.216 4229 0.024
assumed Ewor 0.765 15 0.051

%sand p=0.607 Sphericity Season 0.234 3 0.078 4973 0014
assumed Emor 0.235 15 0.016

%silt p=0.797 Sphericity Season 0.117 3 0.039 7.843  0.002
assumed Emmor 0.075 15 0.005

%clay p=0.062 Sphericity Season 0.135 3 0.045 7.967 0.002  Nov. 2005-July 2006, p = 0.043
assumed Emor 0.084 15 0.006

D p=0140 Sphericity Season 0.098 3 0,033 9.985 0.00!  Jan. 2006-Apr. 2006, p = 0.028
assumed Emor  0.049 15 0.003 Apr. 2006-July 2006, p = 0.002

Demsity p=0.131 Sphericity Season 2.670 3 0.850 5.194 0.009  Jan, 2006-Apr. 2006, p = 0.035
assumed Emor 3.085 18 0.171

Richness p = 0.037 Greenhouse- Season 0.650 1.274 0.510 6.222  0.034  Nov. 2005-Jan. 2006, p = 0.026
Geisser Emor  0.627 7.643 0.082 Nov. 2005-Apr. 2006, p = 0.001
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and releasing muddy water during flood seasons). The seasonal pattern of sedimentation
in Xiangxi Bay (i.e., sediment loading significantly higher in summer than in other
seasons) was consistent with the sedimentation characteristic of the whole TGR.
Therefore, it seemed that the seasonal pattern of sedimentation in Xiangxi Bay was
representative for bays of the TGR, even for bays of subtropical canyon-shaped
TESEIVOIirs.

Sedimentation did not significantly influence benthic community structure, which
was more strongly related to the characteristics of the bay. Sedimentation variables and
macroinvertebrate composition indicated that stations in the middle stretch of the bay
were quite different from the other stations. Bays, like reservoirs, have longitudinal
zonation (Stragkraba and Tundisi 1999). Furthermore, owing to lack of a dam, the mouth
of a bay will also be influenced by the main stem (Beckmann et al. 2005). Therefore,
spatial position should be emphasized when efforts are made to detect factors which
significantly influence benthic community structure. Secondly, although significant
impacts of sedimentation on benthos have been found (e.g., Quinn et al. 1992, Donohue
et al. 2003, Donohue and Irvine 2004), the majority of taxa in these previous studies were
sensitive species. However, our results showed that the benthic community in Xiangxi
Bay was dominated by oligochaetes, which are tolerant of high sediment loading
{Donohue and Irvine 2004). In addition, the dominance of fine sediments benefits
oligochaetes (Callisto et al. 2005). Therefore, when oligochaetes dominated the benthic
community, sedimentation appeared to have little influence on community structure in
the present study. In order to quantify the impacts of sedimentation on benthic
communities, studies should be performed once a bay is formed, because the benthic
community in a bay usually changes dramatically during the initial period of the
operation of a reservoir (Shao et al. 2006, Shao et al. 2007).

When oligochaetes dominate the community, there are two directions for study
suggested by our results. First, the seasonal pattern of the benthic community structure
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Figure 1. The average discharge of the Xiangxi River from 2004 to 2005 (mean + SE, n =
2) (unpublished data provided by Xingshan Hydrological Station) and mean
sedimentation rates of TPM in November 2005, January 2006, April 2006, and
July 2006 (mean + SE, n = 6-7).
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found in the present study is that community structure was similar in summer and autumn
and differed in winter and spring. This pattern seemed to be related to the characteristic
of sedimentation. The environment in summer was quite unstable due to extreme
sediment loading, which might result in limited survival only by the most tolerant species.
However, quantitative effects could not be obtained from our study. For example, our
study showed that average distance between stations was inversely correlated with the
sedimentation of TPM (r = -0.755) but not significantly (p = 0.245). Community
homogenization has been observed with different stressors, such as invasion by
nonindigenous species (Rahel 2002). Other studies have tested whether heavy-metal
pollution homogenized benthic invertebrate composition (Pollard and Yuan 2006).
Considering the annual cycle of sedimentation, long-term monitoring should be
performed in this kind of dynamical system to determine whether the extreme
sedimentation represents the main environmental stressor to macroinvertebrates or not.
Secondly, that density and richness were significantly high in spring reminds us the
importance of food quality (Cocito et al. 1990, Vos et al. 2002), since the quantity of food
(POM) did not change significantly in spring. In spring, the dramatic characteristic of
bays of the TGR is occurrences of algal blooms, especially of dinoflagellates and diatoms
(Cai and Hu 2006, Zhou et al. 2006). Many studies demonstrated that high-quality food
could be supplied for benthos by phytodetrital sedimentation following blooms
(Goedkoop and Johnson 1996, Ahlgren et al. 1997). Therefore, to quantify the effects of
sedimentation on benthic community, components of POM should be considered. It was
very possible that blooms in spring played an important role for the benthic communities
and a large amount of algal phytodetritus depositing on the substratum increased the
heterogeneity of sediments. However, to iest these hypotheses, related experiments
should be designed and performed.
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Figure 2. CA ordination of all samples. A, = 0.6911, A, = 0.5980.
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