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Abstract The East River (Dong Jiang), a major
tributary of the Pearl River (Zhu Jiang, the second
largest river in China by discharge), is situated in
southern China, which has the highest rates of
urbanization and development on Earth. The East
River also provides 80% of Hong Kong’s water

Electronic supplementary material The online
version of this article (doi:10.1007/s10750-010-0320-x)
contains supplementary material, which is available to
authorized users.

Handling editor: N. R. Bond

Y. Zhang (D<)

Department of Biology, Texas State University,
San Marcos, TX 78666, USA

e-mail: yz11@txstate.edu

D. Dudgeon

Division of Ecology and Biodiversity, School of
Biological Sciences, The University of Hong Kong,
Hong Kong, SAR, China

D. Cheng

Department of Water Environment, Institute of Water
Resources and Hydropower Research, Beijing 100038,
China

W. Thoe - L. Fok - J. H. W. Lee
Department of Civil Engineering, The University of Hong
Kong, Hong Kong, SAR, China

Z. Wang
State Key Laboratory of HydroScience and Engineering,
Tsinghua University, Beijing 100084, China

supply. However, there have been no ecological
studies to examine the combined impacts of changes
in land use and water quality degradation on this river
ecosystem. We tested the hypothesis that land-use
disturbance and water quality degradation would
significantly reduce benthic biodiversity in the East
River by investigating macroinvertebrate community
composition and relating it to data on water quality
and catchment condition. The percentage of total
impervious area within each catchment (%TIA—an
indicator of land-use disturbance) was negatively
related to a composite water quality index—the
ERWQI—we developed for the East River. Modeling
by partial least squares projection to latent structures
(PLS) showed that family richness and relative
abundance index (RAI) of macroinvertebrates were
strongly influenced by both %TIA and ERWQIL
Multi-response permutation procedure (MRPP) tests
showed highly significant differences in family
richness composition and RAI of macroinvertebrates
among sites in the upper, middle, and lower course
of the East River. MRPP also revealed differences in
the family richness composition of nighttime drift
samples between upper and middle site groups.
Abundance (individuals m73) and total family rich-
ness of drifting macroinvertebrates at each site were
positively related to %TIA (range: 1.0-8.5%), while
drift biomass was negatively related to dissolved
oxygen and positively related to total suspended
solids. Thus, human disturbances associated with
land-use changes (increasing %TIA) and nutrient
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inputs severely degraded ecosystem integrity and the
water quality of the East River and thereby reduced
aquatic biodiversity.

Keywords Human disturbance -

Total impervious area - Water quality index -
Pollution - East River (Dong Jiang, ZRi]) -
Zhu Jiang (3RI1)

Introduction

Human activities affect freshwater ecosystems through
changes in land use and habitat degradation posing
severe threats to lotic biodiversity (Allan & Flecker,
1993; Harding et al., 1998; Malmqvist & Rundle,
2002; Dudgeon et al., 2006). Such impacts have
become especially severe in the developing economies
of Southeast Asia and, particularly in China (Dudgeon,
1992, 2000). Land conversion for agricultural and
urban development impacts stream and river ecosys-
tem dynamics by changing hydrological regimes and
increasing sediment and pollution loads. These human
disturbances are especially widespread and intense in
many regions of China, reflecting the environmental
degradation associated with its large population and
rapid economic growth. For instance, 40% of urban
wastewater is discharged into streams, rivers, and lakes
without treatment (Fu, 2008). Such untreated industrial
and municipal wastewater discharges, along with
diffuse runoff of fertilizers and pesticides from agri-
cultural land have given rise to poor water quality in
most Chinese rivers (Liu & Diamond, 2005). Among
the 197 large rivers monitored in China, 50% of them
are rated as heavily polluted (Fu, 2008).

The East River (Dong Jiang), a tributary of the Pearl
River, which is China’s second largest river by
discharge, mainly drains Guangdong Province (90%
of the basin area). The East River not only supplies
water to this fastest-growing region—China’s so-
called “factory of the world” (Escobar, 2005)—but
also supplies 80% of domestic water consumption to
neighbouring Hong Kong (Water Supplies Depart-
ment, HKSAR, 2005). Economic development and
migration from other parts of China into the Pearl River
Delta region in recent years have led to impacts on the
East River from a variety of human activities, includ-
ing agriculture, logging, sand dredging, industrial and
domestic sewage discharges, and flow regulation. In
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the East River Basin, organic nitrogen has been
considered as a major pollutant (Yuan, 1999).

Running water ecosystems integrate biogeochem-
ical processes from the scale of the catchment to local
spatial scales, which can be altered extensively by
human land-use activities (Huryn et al., 2002; Town-
send et al., 2004). Ecological responses of benthic
invertebrate communities, in terms of taxon richness
and abundance, in streams and rivers reflect land-use
and the physicochemical conditions at each study site
(Allan, 2004). However, information on freshwater
taxa and ecological conditions in the East River is
scant and benthic communities in the East River basin
are very poorly understood, as is the case for rivers in
much of China and elsewhere in monsoonal Asia
(Dudgeon, 2003). Such lacking data is a barrier for
planning for integrated river basin management strat-
egies and the assessment of river health.

The objectives of this research were to investigate
changes in benthic macroinvertebrate assemblage
composition along the East River and to explore any
relationships with water quality and drainage basin
characteristics. We surveyed 11 study sites with
different human impacts from upstream tributaries to
the lower course of the East River. We used the
percentage of total urban and rural areas (cities vs.
villages) in a catchment as a representation of the
total impervious area (%TIA) within a catchment to
indicate land-use disturbance (Morse et al., 2003;
Chadwick et al., 2006). We collected environmental
data for examining human disturbance impacts on
macroinvertebrate communities, and combined sam-
pling of benthic and drifting macroinvertebrates in
order to provide comprehensive information on the
structure of stream macroinvertebrate communities
(Pringle & Ramirez, 1998; Dudgeon, 2006). We
hypothesized that land-use disturbance and water
quality degradation would reduce the richness and
abundance of macroinvertebrates along the East River.

Materials and methods
Study area

The East River (Dong Jiang, N22°45°-25°20" and
E113°30-116°45"), the third largest tributary of the
Pearl River, is located on the northern margins of the
tropics in a region dominated by a monsoonal
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Fig. 1 Map of the 11 114°E
sampling sites in the East
River Basin, China. Four in
the upper course (UP1,
UP2, UP3, and UP4) four
in the middle course (MID1,
MID2, MID3, and MID4)
and three in the lower
course (LOWI, LOW2,

and LOW3)
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climate. Its main channel (562 km) drains an area of
35,340 km>. The average annual runoff of the East
River is 32.4 billion m>, of which 80% occurs in the
wet season and only 20% between October and
March (Lee et al., 2007). Annual sediment transport
load at Boluo (a gauging station in the lower course:
Fig. 1) is 0.11 kg m>. The headwaters of the East
River originate in Jiangxi Province. The length of the
upstream section from the headwaters to Longchuan

is 138 km with an average slope of 0.22%, the middle
section to Boluo is 232 km with a slope of 0.03%, and
the lower section to the river mouth has a slope of
0.02% (Fig. 1).

Site descriptions and sampling

Fieldwork was carried out during stable flow condi-
tions immediately prior to the onset of the wet
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Table 1 Habitat conditions at study sites in the upstream (UP), middle (MID), and lower (LOW) sections of the East River

Sites  Location Elevation Temperature Width Velocity Substratum Water  In-stream Riparian zone
(°N, °E) (m) (°C) (m) (m/s) color disturbance
UP1 25.05, 115.73 322 26.9 25 04 Gravel/sand Clear Several hydro- Orange farms
with power stations in
some upstream
pebbles tributaries
UP2 2497, 115.58 393 20.0 3 05 Pebble with Slightly Some bank erosion Orange farms
sand turbid
UP3 24.70, 115.64 230 239 5-10 0.5 Bedrock, Clear Farmers and cattle Rice cultivation
boulders wading in stream
UP4 24.71, 115.67 250 199 15 0.56 Gravel Clear 15 small hydro- Corn cultivation
power stations
upstream
MID1 24.34, 11530 87 159 150 04 Coarse Turbid Dam under Mixed farmland
sand/ construction
gravel upstream;
sewage
discharge
MID2 24.16, 115.26 67 20.6 300 0.6 Coarse sand Turbid  Sand dredging Mixed
farmland;
sand depot
MID3 24.04, 115.13 62 17.0 150 0.8 Coarse sand Very Sand dredging Rice and corn
turbid cultivation
MID4 23.88, 114.98 59 17.9 200 0.5 Sand with  Turbid  Hydropower Cattle grazing
boulders station upstream
LOWI1 2342, 114.60 25 18.1 300 0.5 Sand/ Slightly Navigation Cattle grazing,
pebbles; turbid corn and
mud near sugar cane
riverbank cultivation
LOW2 23.18, 114.46 29 17.9 400 03 Fine sand  Turbid  Sand dredging, Cattle grazing
navigation
pollution (feces,
petroleum)
LOW3 23.11, 114.04 8 239 500 0.25 Fine sand Turbid  Sand dredging, Corn
navigation, cultivation;
pollution Factories

summer monsoon in April 2006. Eleven study sites
distributed from upstream tributaries to the lower
course: four sites were positioned in the headwaters,
four in the middle course, and three in the down-
stream reach. Site characteristics are listed in Table 1.
We obtained land-use data of the East River Basin
with 1 km? spatial resolution (2000) from the Institute
of Geographic Sciences and Natural Resources
Research, the Chinese Academy of Science (Liu
et al.,, 2003). Land use was generalized into the
following categories: woodland, grassland, agricul-
ture, urban, rural, and water bodies.

Land-use disturbance level within a catchment was
indicated by the amount of the total impervious area
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(TTA), which is a percentage of the total urban and
rural areas within each catchment within the basin
(Walsh et al., 2001, 2005; Roy & Shuster, 2009).
Since nutrient inputs to streams and rivers often occur
as a consequence of changes in land use, we predicted
that in-stream nutrient concentrations should increase
with intensifying land use (i.e., %TIA) in the basin.

In-stream habitat variables were measured by visual
estimates of the percentage cover of particle classes,
which were sand/silt (diameter 0.1-2 mm), gravel
(2-16 mm), pebble (16-64 mm), cobble (64-256 mm),
and boulder (>256 mm). The substrate types repre-
sented at each study site were coded in order of
coarseness as follows: 1 = sand/silt; 2 = gravel;
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3 = pebble; 4 = cobble; and 5 = boulder. The mean
value of the substrate codes (six counts) at each site was
used to express substrate coarseness. In situ measure-
ments of water temperature, conductivity, dissolved
oxygen, and salinity were carried out using a YSI
Model 55 DO meter; pH was measured by Smartest
Model pHScan 2 on site. Water samples (collected in
1.21polyethylene bottles) were preserved in the field by
acidification with concentrated HSO, and kept in cool
box until they could be refrigerated in the laboratory
prior to chemical analysis. Concentrations of NH,,
NO,, NOs3, POy, and total suspended solids (TSS) were
analyzed according to Standard Methods for the
Examination of Water and Wastewater (1999). Con-
centrations of heavy metals, i.e., vanadium, chromium,
copper, zinc, molybdenum, barium, thallium, and lead,
were determined by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS).

We took kick samples at all sites (50—100 m reach)
using D-frame nets (mesh size 500 wm). For each
sample, the substrates in a variety of microhabitats
were disturbed by kicking for 5 min and all materials
were collected in the net. Six kick samples at each
site were collected from upper, middle, and down-
stream reaches (two samples were collected from
each reach). Macroinvertebrates visible to the naked
eye were hand-picked within 8 h of collection, stored,
and preserved with 70% ethanol. Macroinvertebrates
were indentified to family level in the laboratory,
based on identification keys for Asian stream
macroinvertebrates (Dudgeon, 1999). Since species
diversity of macroinvertebrates has not been studied
thoroughly and the majority of benthic species are
undescribed for most rivers in China, taxon identifi-
cation at family level was used, which can provide a
representative and persistent pattern of macroinver-
tebrate distribution in response to pollution and land-
use change (e.g., Bournaud et al., 1996; Metzeling et
al., 2002; Dudgeon, 2006; Pond et al., 2008). We rated
the relative abundance of each family in each sample
according to an abundance index comprising three
classes: 0 = not found, 1 = one specimen, and
2 = more than one specimen. The total index score for
all families in a sample was used to calculate a relative
abundance index (RAI) for that sample, and the sum of
the abundance indices of the six samples taken at each
site was used to represent the relative abundance at that
site (Englund et al., 1997). Such categorization
incorporated robust transformation of abundance that

down-weighted the effect of single samples with high
abundance. Family richness was represented by the
total number of families encountered in the six kick
samples at each site.

We collected night drift samples at five study sites
(Up 1, 4, and Mid 1, 2, 4) for monitoring drift of
macroinvertebrates. At each site we collected six drift
samples simultaneously using six drift nets (1-m
long, mesh size 500 pm, opening size 30 x 40 cm).
The drift nets were immersed in the water column in
mid-channel for 2 h after dark (19:00-21:00 h). For
each drift sample, we measured current velocity in
front of the drift net to the nearest 0.01 m s~ with
handheld ADV (SonTek FlowTracker Handheld
ADV). The current velocity was used to calculate
the volume of water passing through the drift net. The
macroinvertebrates in each drift net were preserved in
70% ethanol, and identified to family in the labora-
tory. In the absence of such data from China, we used
published length-mass relationships from North
America (Benke et al., 1999) to estimate the biomass
of macroinvertebrate families in drift samples.

East river water quality index

Water quality conditions at each study site were
assessed using a water quality index (WQI) we
developed for the East River (the ERWQI), which
transformed a large quantity of complex data into a
convenient index (0-100) (see Smith, 1990). Calcu-
lation of the index involved two steps. First, the
concentration of each parameter is transformed by a
rating curve as a score at 0—100% range from low to
high water quality for that parameter. Second, the
scores of parameters are weighed by different factors
whose sum equals one. The index is the sum of the
weighted scores of different parameters derived from
the following equation (étambuk-Giljanovié, 2003).

WQI = 1/100(2 W,Qi)z,

where W; is the weighting factor of parameter i,
SW; = 1 and Q; is the water quality score value of
parameters on a continuous scale from 0 to 100.
Environments with better water quality have higher
WQI scores as follows: Excellent: (WQI Value
90-100); Good: (70-90); Medium: (50-70); Bad:
(25-50); and Very bad: (0-25). We calculated of the
ERWQI for each site in the East River using the
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following parameters: dissolved oxygen (DO), pH,
conductivity, ammonia plus nitrate (NH; + NO3),
phosphate (PO,), and total suspended solids (TSS).
The weighed factors for these parameters were
obtained from Stambuk-Giljanovié (2003) and Liou
et al. (2004): i.e., 0.2 for DO, 0.25 for ammonia plus
nitrate, 0.16 for POy, 0.11 for TSS, 0.11 for pH, and
0.1 for conductivity. As organic nitrogen has been
considered to be the major pollutant in the East River
Basin (Yuan, 1999), the nitrogen-loading parameter
was assigned the highest weighting factor of 0.25.

Data analyses

To explore relationships between land use and both
water quality and benthic community data, partial least
squares projection to latent structures (PLS) was used
to construct a descriptive model (Zhang et al., 1998).
PLS analysis can be viewed as a generalized multiple
regression that copes with colinearity, thus adequately
taking into account the auto-correlations among the
physicochemical variables for finding the linear or
polynomial relations between a set of predictor
variables and a set of response variables (Eriksson
et al., 1999). The PLS method has advantages in
analyzing a large array of environmental, non-inde-
pendent variables collected from limited study sites
and describing response variables (biological response
variables) simultaneously. These data conditions are
not suitable for classical regression approaches
(Carrascal et al., 2009). The values of VIP (variable
importance in the projection) reflect the importance of
a given variable in the model with respect to both the
benthic communities and the environmental variables.
Eriksson et al. (1999) suggested that the variables with
a VIP value > 0.7 represent important predictors. PLS
analyses were carried out using software SIMCA-P
(version 11.0, Umetri AB, Umead, Sweden).

Additionally, we used principal components anal-
ysis (PCA) to summarize environmental physical,
chemical variables and habitat characteristics. By
reducing the multidimensional data set with multiple
variables to a few uncorrelated composite variables,
PCA provided a visual diagram of similarities and
dissimilarities among stream sites.

Analysis of variance (ANOVA) was used to
explore differences in benthic community summary
variables between upper, middle and lower courses
of the East River. Differences in the total RAI
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of macroinvertebrates at each site (accumulated
abundance index from six samples at a site) and total
family richness (total number of present families at a
site) were analyzed between the three site groups by
using study sites as the relevant unit of replication
(within upper, middle, and lower sections of the river
course). ANOVAs and regression analyses were
performed using SPSS version 15. Where necessary,
data were logarithmically transformed to improve
normality prior to analysis.

Multi-response permutation procedures (MRPP)
provide non-parametric test statistics to analyze mul-
tivariate data in order to detect significant differences
between two or more groups of sampling units. MRPP
are based on the weighted averages of symmetric
distance functions over all possible pairwise combi-
nations among site groups identified by PCA. We used
MRPP to test the null hypothesis of no difference in
macroinvertebrate community structure among those
site groups (up-, mid-, and lower-section). As a non-
parametric procedure, MRPP based on Sorensen’s
(Bray-Curtis) coefficient of computed inter-sample
compositional dissimilarities and produced statistic A
[A = 1 — (observed difference/expected difference)],
which describes observed within-group homogeneity,
compared to that randomly expected (McCune &
Grace, 2002). If all community assemblages are
identical within defined groups (within-group homo-
geneity), A = 1, which is the maximum value. If
within-group heterogeneity equals to that expected by
chance, A = 0; and if within-group heterogeneity is
more than that expected by chance, A < 0. MRPP was
based on percentage data of RAI and presence/absence
data of macroinvertebrate families at each site. MRPPs
were run using PC-ORD ver. 5.0 (McCune & Mefford,
2002).

Results
Land use and water quality

Land use varied from the headwaters to the lower
course and included woodland, farm land, and urban
areas (Table 2). Study sites with high proportion of
woodland cover had relatively low farmland and low
levels of urbanization, but urban area became impor-
tant in the catchment around the most downstream
sites. TIA varied from 1.3 to 28.0%. Average TIA of
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Table 2 Summary of percentage distribution (%) of land-use types and East River Water Quality Index (ERWQI) scores for study

sites

Sites Land use (%) TIA(%) ERWQI
Woodland Grassland Farmland Urban Rural Water bodies
UP1 90.2 2.0 5.0 0 1.8 1.0 1.8 70
UpP2 91.1 1.0 5.0 0 1.9 1.0 1.9 67
UP3 89.7 2.0 6.0 0 1.3 1.0 1.3 98
UP4 89.5 2.0 6.0 0 1.5 1.0 1.5 78
MID1 76.8 3.1 15.0 0.3 3.6 1.1 39 65
MID2 70.3 3.1 17.0 0.5 8.0 1.1 8.5 51
MID3 65.0 2.9 22.0 4.0 5.0 1.1 9.0 51
MID4 63.0 3.1 30.0 0.8 2.0 1.1 2.8 50
LOW1 62.9 1.0 30.7 0.8 14 32 2.1 72
LOW2 53.7 2.0 25.7 10.0 54 32 15.4 69
LOW3 31.4 2.4 29.8 19.9 7.9 8.7 27.8 39

TIA is the percentage of total impervious area (the % of total urban and rural areas in a catchment)

the studies catchments were 1.6 £ 0.1% (1 SE) for up-
stream sites, 6.0 = 1.6% for mid-section sites, and
15.1 & 7.4% for low-section sites.

There was high variability in physicochemical
parameters, including water quality, among sites
(Table 3). Upstream sites were slightly acidic, and
had high DO and low conductivity. Middle-course

sites had higher TSS, which reflected intensive
in-channel disturbance by sand dredging (Table 3;
Fig. 2A; Appendix 2A in supplementary material).
Low-course sites were characterized by farmland and
urban land (Table 2; Appendix 2B in supplementary
material). Nitrate concentrations varied from unde-
tectable (<0.001 mg 17") to 1.217 mg 1" among all

Table 3 Mean values of environmental variables at study sites in the upstream, middle, and lower sections of the East River

Variables Units Mean £+ 1 SE P %TIA
Upstream (n = 4) Mid-section (n = 4) Low-section (n = 3) R?
DO mg 1! 8.36 = 0.17 8.14 £ 0.15 7.56 + 0.79 0.40 0.69%*
pH 6.97 + 0.19 6.93 + 0.09 7.01 £+ 0.15 0.93 0.01
Conductivity uS cm’! 414 £ 10.7 73.3 £+ 8.40 80.7 + 13.0 0.06 0.49%
TSS mg 1! 21.3 + 1.46 82.9 + 16.6 352 +19.2 0.03 0.08
NH4 mg 1! 0.05 £+ 0.01 0.10 + 0.02 0.24 + 0.18 0.33 0.77%%%
NO, mg 1! 0.008 £ 0.002 0.075 £ 0.016 0.03 + 0.011 0.008 0.04
NO; mg 1! 0.57 £ 0.18 0.94 + 0.10 0.77 + 0.02 0.09 0.07
PO, mg 1! 0.09 + 0.04 0.03 + 0.01 0.15 £ 0.10 0.35 0.46*
Vanadium pe 1! 0.44 £ 0.12 1.06 & 0.20 0.51 £ 0.07 0.04 0.003
Chromium pe 1™ 0.91 + 0.07 1.51 £ 0.19 1.24 £ 0.17 0.05 0.17
Copper ng 1! 2.05 + 0.71 2.02 + 042 1.30 + 0.26 0.59 0.05
Zinc ng 1! 55.8 + 18.7 61.0 + 14.5 253 + 225 0.29 0.15
Molybdenum ng It 2.21 + 0.99 15.0 £ 12.2 1.91 +0.71 0.43 0.001
Barium ng It 129.8 + 60.2 121.0 £ 39.0 150.3 £ 57.5 0.95 0.33
Thallium ng I 0.18 £ 0.10 0.23 + 0.04 0.04 + 0.01 0.14 0.11

P-values in bold indicate significant statistical differences (P < 0.05) in ANOVAs between stream sections. Significance of
regression of %TIA are indicated as * P < 0.05, ** P < 0.01, and *** P < 0.001
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Fig. 2 A Comparison of selected attributes of water chemistry measured at each study sites in the East River. Error bars indicated
41 SE. B There was a significantly negative relationship between ERWQI and log-transformed %TIA (total impervious area)

sites. ANOVA revealed significant differences among
upper-, middle-, and lower-course in TSS (Frg =
591, P < 0.05) and NO, (F5 = 949, P < 0.01)
with higher concentrations in the middle course
(Fig. 2A). There were no significant differences
among three site groups in NH; and NOj (all
P > 0.05) (Table 3). Total N was low in upstream
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site groups (0.49 #+ 0.21 mg I'"), and high in mid-
section (1.15 £ 0.10 mg I'") and low-sections
(1.04 £ 022 mg 1"), with marginal significant
difference among three site groups (ANOVA,
Fz’g = 447, P = 005)

East River Water Quality Index scores indicated
that upstream sites in general had better water quality.
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The site UP3 had the highest ERWQI (98). The four
middle-section sites had ERWQI from 65 to 50, with
a trend of deterioration when moving downstream
from site to site. LOW3 had the highest NH, and PO,
concentrations and the lowest DO, and thus the
ERWQI was the lowest among the 11 sites (Table 2).
These results reflect impacts of catchment land-use
patterns. There was a significant negative relationship
between %TIA and ERWQI across study sites
(Fig. 2B). The sum of %TIA and Farmland (%) also
was also negatively related to ERWQI (Simple linear
regression: abundance, R* = 047, Fi10 = 8.08,
P < 0.05). %TIA was significantly negatively related
to DO (R* = 0.69, Fy o = 20.16, P < 0.01) and
substrate particle size (R2 = 0.51, Fi110 = 9.19,
P < 0.05) (Fig. 3), but positively related to conduc-
tivity (R* = 0.49, F, 1o = 8.55, P < 0.05), NH, (R* =
0.77, Fy .10 = 30.00, P < 0.001), and PO4 (R* = 0.46,
Fy10="7.64, P < 0.05) (Table 3). Total nitrogen also
had a significant positive relationship with %TIA
(R* = 0.52, Fy 10 = 9.73, P < 0.05), suggesting high
nutrient inputs from urban areas.

PCA of 19 environmental variables generated 3
components with eigenvalues larger than 1.0 and that
collectively explained 76.6% of variation in the
original variables. Principal component (PC) 1
explained 48% of variance was influenced by TIA
and ERWQI, and the additional 17% of variance was
explained by the second component that was also
influenced by water quality. Ordination of PC 1 and 2
on habitat variables separated the 11 sites into 3

distinct groups: (1) upper, (2) middle, and (3) lower
course sites (Fig. 4).

Differences in benthic community taxonomic
composition

A total of 41 benthic macroinvertebrate families were
collected from the 11 study sites. In general, commu-
nities were dominated by Diptera (22% of total family
richness), Coleoptera (20%), and Ephemeroptera
(17%), with Odonata (12%) and Trichoptera (10%)
ranking fourth and fifth, respectively. The range of
average family richness in six kick samples at each
site was between two and 25 families per sample
across 11 sites. The range of average RAI in the six
kick samples at each site was two and 44 per sample.
At upstream sites, 34 insect families were found; 26
families were collected from the middle-course sites
and 20 from the lower-course sites. Family richness in
all sites except LOW3 was dominated by Diptera
(mean = 25% of all families present; range 4-48%),
Ephemeroptera (16%; 4-27%), and Coleoptera (11%;
7-17%; Fig. 5; Appendix 1 in supplementary mate-
rial). Total RAI of benthic macroinvertebrates in all
11 sites was dominated by Diptera, including Chiro-
nominae (7.1% of total for all taxa from 11 sites),
Orthocladiinae (4.9%), Tipulidae (3.2%), Tanypodi-
nae (2.2%), Simuliidae (1.6%), and Stratiomyidae
(1.1%). Coleoptera mainly comprised Elmidae (4.3%)
and Psephenidae (2.3%). At LOW3, which was highly
disturbed, the entire assemblage was made up of
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non-insect groups, including corbiculid bivalves,
decapod shrimps (Palaemonidae), and water mites
(Hydrachnidiae) (Fig. 5).

Modeling by partial least squares projection to
latent structures (PLS) showed that benthic diversity
was strongly influenced by drainage basin distur-
bance (Fig. 3). In the PLS analysis of family richness
data, %TIA, farmland, NO,, NHy4, conductivity, POy,
NOj;, TSS, salinity, chromium, and vanadium was

negatively associated with total family richness along
PLS component 1 that explained 41.9% of variance.
Substrate coarseness, longitude, woodland, ERWQI,
and DO were positive associated with total family
richness along component 1 (Fig. 3; Table 4A). The
PLS analysis of total RAI data for macroinverte-
brates showed a similar pattern of association of
environmental variables with PLS component 1
(Table 4B).
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Fig. 5 The composition (%) of benthic communities in terms of number of families per order at 11 study sites along the East River
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Table 4 The values of VIP
(importance of
environmental variables to
the projection in the model)

of PLS regression and the
loadings of PLS
components for taxon
richness and total RAI

in the East River

Only predictors with VIP
>(.7 are included in the
table. Predictors with a
positive sign contribute

Community response Variables VIP Loadings
Component 1 Component 2
(R* = 48%) (R* = 10%)

A. Taxon richness Substrate 1.42 0.33 0.38
Woodland 1.33 0.33 0.15
Longitude 1.28 0.31 0.24
ERWQI 1.22 0.30 0.08
%TIA 1.20 —-0.30 0.15
Farmland 1.12 -0.28 -0.12
NH,4 1.12 -0.28 —-0.08
Conductivity 1.06 -0.26 0.05
Chromium 1.05 -0.21 0.36
DO 0.99 0.25 -0.04
NO, 0.94 —0.22 -0.21
Salinity 0.88 -0.18 0.29
TSS 0.88 -0.17 0.29
Vanadium 0.77 -0.11 0.36
pH 0.76 0.11 0.38

B. RAI Substrate 1.65 0.36 0.51
ERWQI 1.31 0.33 0.18
Woodland 1.19 0.30 0.16
Longitude 1.13 0.29 0.14
Farmland 1.10 -0.28 -0.09
NO; 1.06 -0.24 —-0.28
Chromium 1.04 -0.23 0.22
NO, 1.03 —-0.25 -0.24
%TIA 1.02 -0.26 -0.02
Conductivity 1.01 —-0.23 0.20
Salinity 0.95 —0.14 0.38
NH, 0.91 -0.22 0.14
DO 0.88 0.19 -0.23
TSS 0.87 —-0.20 0.16
PO, 0.75 -0.07 0.36
Vanadium 0.71 -0.16 0.16

positively to taxon richness
and abundance index

Macroinvertebrate community structure differed
significantly between upstream, middle- and lower-
course sites (ANOVA, mean family richness per
sample: F,g = 5.66, P < 0.05, U > M = D; total
RAL Fr5 =747, P < 0.05T, U > M = D, Fig. 6).
The highest benthic diversity (total family richness
and total RAI at a site) was seen at two relatively
pristine upstream sites (UP3 and 4), while diversity
was least at LOW3 which had the lowest ERWQI,
high turbidity, and silt substrate. UP3 had the highest
ERWQI (98), the highest family richness per site (35)

and the highest total RAI (263); vice versa, the low-
section site 3 had the lowest numbers in ERWQI (39),
family richness (7), and total RAI (12) (Fig. 7). The
ERWQI was significantly positively related to total
family richness at each site (R*>=0.59, F1.10=13.30,
P < 0.01). Total RAI per site increased with ERWQI
(R* = 0.70, Fy 1o = 20.53, P < 0.01).

The MRPP test showed highly significant among-
group differences in the family composition of
different macroinvertebrate orders (A = 0.125, P <
0.05), which confirmed that macroinvertebrate
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community composition of the three site groups was
distinctly different (Fig. 5). MRPP tests also indicated
significant differences in RIA among site groups
(A =0.148, P < 0.05).

Differences in drift macroinvertebrate
composition

A total of 37 benthic macroinvertebrate families were
collected by drift nets from the 5 sites (UP1, 4, MID1,
2,4). Dominant taxa in total abundance in drift samples
from all sites were planktonic Copepoda (53.9%), plus
benthic Elmidae (11.2%, Coleoptera), Baetidae (6.3%,
Ephemeroptera), Caenidae (4.1%, Ephemeroptera),
Gomphidae (3.2%, Odonata), Simuliidae (2.9%,
Diptera) and Leptophlebiidae (2.8%, Ephemeroptera).
Dominant taxa (in terms of total dry mass in all sam-
ples combined) were Gomphidae (63.5%), Elmidae
(17.0%), Leptophlebiidae (5.7%), Hydropsychidae

@ Springer

(3.3%, Trichoptera), Baetidae (2.1%), and Copepoda
(0.5%).

The nighttime average drift rates (density and
biomass) were 15.7 individuals 100 m > and 10.7 mg
100 m ™ at UPI and 7.6 individuals 100 m™> and
13.5 mg 100 m > at UP4. They were 26.4 individuals
100 m™> and 0.8 mg 100 m> at MIDI, 324.7
individuals 100 m > and 48.8 mg 100 m > at MID2,
and 13.7 individuals 100 m > and 80.2 mg 100 m > at
MID4. The MRPP test indicated significant differ-
ences between upper and middle-course sites with
respect to drifting family number among different
orders (A = 0.1, P < 0.001). The family composition
of drift samples was also distinctly different between
site groups (Fig. 8), but MRPP tests failed to find any
difference in biomass of any orders between site
groups (A = —0.23, P = 1.0).

Mean drift abundance (individuals m>) and total
family richness in drift samples at each site were
positively related to %TIA (the range of %TIA at five
study sites: 1.0-8.5%) (abundance, R> = 091, F14=
31.81, P < 0.05; richness, R* = 0.84, F, 4 = 16.25,
P < 0.05), but this was not evident for biomass data
(%TIA-biomass, R* = 0.08, F\ 4, = 0.25, P = 0.64).
The abundance, total family richness, and biomass of
drifting macroinvertebrates at each site were not
significantly related to ERWQI (R* < 0.69, P > 0.08).
Drift biomass (but not abundance or family richness)
showed a negative relationship with DO (R* = 0.81,
Fi14 = 1246, P < 0.05), and positive relationships
with TSS (R* = 0.88, F;4 = 21.55, P < 0.05),
vanadium (R2 =092, F; 4 =3593, P < 0.01), and
chromium (R* = 0.89, F, 4 = 23.96, P < 0.05).

Discussion

Land use and water quality are closely related
(Zampella et al., 2007; Broussard & Turner, 2009),
and land use disturbance in terrestrial ecosystems
impacts local habitat features and biological diversity
in the rivers and streams that drain them (Allan, 2004,
Dudgeon et al., 2006). Agriculture, urban develop-
ment, and industrial activities are associated with
drainage basin degradation (Foley et al., 2005), and
increasing nitrate loads (Peierls et al., 1991), as well
as sedimentation and other sources of pollution,
which combine to impact ecological integrity by
lowering water quality, degrading natural habitat, and
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Fig. 7 The relationships of A ERWQI and family richness per site, B ERWQI and total RAI per site, C %TIA and family richness

per site, and D %TIA and total RAI per site

reducing biodiversity (Allan et al., 1997; Sponseller
et al., 2001). The results of this study lend weight to
this conclusion since they demonstrate that land-use
and water quality degradation reduced the diversity
of benthic macroinvertebrates in the East River.
Nutrient concentrations and fine sediments increased
with greater land-use disturbance, and the family
richness and abundance of benthic macroinvertebrate
assemblages declined from up- to downstream in
association with an increase in TIA.

There has been a growing interest in advancing
knowledge on landscape effects of land use on
community structure and river ecosystem processes
(Allan, 2004; Raymond et al., 2008). Experimental
manipulations at large spatial scales have some con-
straints (Carpenter et al., 1995), since they are often too
expensive and difficult to implement. Accordingly,
correlations of environmental variables with biological
responses have been considered as a practicable alter-
native approach to large-scale ecosystem manipulative
investigations of the consequences of land-use change

(e.g., Johnson & Gage, 1997; Davies & Jackson, 2000).
By taking advantage of comparing relatively unim-
paired natural systems (the putative reference
condition) and human-disturbed systems, the impacts
of human land-use disturbance on streams can be
detected and potential mechanisms to link landscape
processes to local patterns can be identified (Malmqvist,
2002; Zhang et al., 2009), and the results used to inform
management at the landscape level (Stoddard et al.,
2006).

This study revealed a negative relationship
between TIA and ERWQI: ERWQI was positively
related to family richness and total RAI of macroin-
vertebrates, while TIA had a negative relationship
with these community parameters, and hence both
were good indicators of ecological responses of
macroinvertebrates to human disturbances. Our
results also show that sediment particle size was
influenced by land use practices by way of an inverse
relation to TIA; and TSS and nutrients were posi-
tively related to % agriculture land within each
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catchment, which suggest geomorphic change related
to land use disturbance (Nilsson et al., 2003). Land-
use disturbance is frequently associated with hydro-
logical change, in terms of altered flood regimes,
and increased sediment input to the channel, arising
from such land-use practices as agriculture, forest
logging, road construction, and conversion for urban
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development (Waters, 1995; Foster et al., 2003). We
did not find a significant relationship between %TIA
and TSS perhaps because the effect of land-use
disturbance on TSS may be masked by instream
disturbance events at a local scale. For instance, sand
dredging for construction was widespread in the
middle sections of the East River causing elevated
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TSS concentrations at MID2, 3, and 4 (Fig. 2A;
Appendix 2A in supplementary material).

Land-use disturbance associated with urban devel-
opment and agriculture activity caused water quality
deterioration in the lower course of the East River
(Table 2; Appendix 2B in supplementary material),
resulting in decreased aquatic biodiversity. This pattern
accords with previous studies demonstrating that
urbanization and agriculture lead to increased nutrient
loadings (Paul & Meyer, 2001; Turner & Rabalais,
2003). Higher inputs of phosphorous and nitrogen are
related to wastewater from urban areas and fertilizers
from farmland catchments (Osborne & Wiley, 1988;
Broussard & Turner, 2009), which impact steam
benthic macroinvertebrates (Townsend et al., 2008).
Ecosystem degradation of streams and rivers draining
urbanized landscapes gives rise to urban stream
syndrome, which describes flashier hydrographs, ele-
vated nutrient loads and contaminant concentrations,
altered stream morphology, and reduced biodiversity
(Meyer et al., 2005; Walsh et al., 2005). Interestingly,
this is rather similar to the overall pattern of degrada-
tion we noted in the East River, suggesting that the
phenomenon of urbanization has a globally coherent
“fingerprint” and patterns of degradation associated
with such land-use change will be easily recognizable
regardless of geographic location.

PLS analysis revealed significant relationships
among land use disturbance, water quality and
benthic family richness and relative abundance.
Benthic diversity was strongly negatively influenced
by increased TIA and deteriorating water quality.
Given the wide range of spatial and physicochemical
variables (19 parameters, Fig. 3), PLS models showed
the importance of geographical (longitude), catch-
ment, water quality, and habitat variables (sediment
particle size) in explaining among-site differences in
benthic family richness and relative abundance. PLS
is an alternative to current regression methods used in
environmental science and ecology, which can ana-
lyze a large array of related predictor variables when
the number of environmental variables is higher than
the number of observations, and predictor variables
are not truly independent. Along with previous works
(Englund et al., 1997; Zhang et al., 1998), the present
study indicated that PLS is a powerful method for
examining human impacts on running water ecosys-
tems through modeling, monitoring, and prediction
(see also Zhang et al., 2009).

There was surprising positive relationship between
TIA and drift family richness, and this was the
converse of the effects of TIA on benthic diversity in
the East River. Such positive relationship of TIA and
drift richness may be limited within a relatively
narrow disturbance range (at five sites for drift
samples collected, TTIA: 1.0-8.5%), but may not occur
in a wide disturbance range, such as TIA up to 28%.
Land-use effects on drift have been little studied and
information on how land-use disturbance within
catchment influences macroinvertebrate drift is lim-
ited (Edwards & Huryn, 1996; Collier & Quinn,
2003). Catastrophic or passive drift of macroinverte-
brates is often related to changes in physicochemical
characteristics (O’Hop & Wallace, 1983), pollution
(Lauridsen & Friberg, 2005) and disturbance (Malmg-
vist & Sjostrom, 1987), while sediment inputs and bed
movement have been shown to increase drift (Walton,
1978; Culp et al., 1986). Our results showed that the
drift biomass was negatively related to DO and
positively related to TSS, vanadium, and chromium,
suggesting that low water quality increased the drift of
benthic insects that made up 90% of total drift
biomass. High TSS reflected the high intensity of sand
dredging in the middle section of the East River. Drift
composition can offer a useful indication of human
disturbance and land-use alteration on stream and
river ecosystems (e.g., Pringle & Ramirez, 1998;
Dudgeon, 2006), but our results show that the
direction of change (increase or decrease in diver-
sity of drifting macroinvertebrates) might not be
that expected a priori. Comparison of drift assem-
blages at impacted and reference sites will be
essential to the more widespread adoption of drift
sampling as an indicator of disturbance or in-stream
degradation.

This study is the first for the East River in southern
China to illustrate the impacts of human disturbances
from upstream tributaries to the lower course on
benthic macroinvertebrate assemblages. Changing
landscape cover, especially urbanization and agricul-
ture, degraded river ecosystem integrity and reduced
aquatic biodiversity. We detected a significant neg-
ative relationship between percentage of catchment
disturbance and water quality (as captured in a
system-specific index, the ERWQI), suggesting that
urbanization (as %TIA) can be a useful predictor of
water quality and river health since TIA and ERWQI
were both related to benthic community richness and
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abundance. Thus our study accords with the view that
land-use change, water quality, and the condition of
physical habitats and biological communities are
highly intercorrelated. Our results also show that
family-level data sets can be used for detecting
relationships between environmental variables and
benthic community assemblages (see also Bournaud
et al., 1996; Bowman & Bailey, 1998; Dudgeon,
2006). This approach, together with the statistical
tools used by this study (e.g., PLS analysis), can
provide aquatic ecologists and environmental man-
agers with a means of diagnosing of the causes of
ecosystem impairment.
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