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Long-term changes of fish biotic integrity in the Sanmenxia Wetland, North China, since
the 1950s were assessed using the fish index of biological integrity (FIBI). The water and
sediment quality was evaluated by the water quality index (WQI) and sediment pollution
index (SPI). The results showed that FIBI continuously decreased from 46 to 20 during the
past 5 decades, which indicated that the fish community state shifted from fair to very poor
conditions, and damming by itself did not affect the fish biotic integrity. At the same time,
WQI fell from 83 to 44.1, and SPI increased from 0.99 to 2.14 since the 1960s, resulting from
fast regional socio-economic development and insufficient wastewater treatment. Corre-
lation analysis suggested that water quality significantly affected biotic integrity (r = 0.867,
p < 0.05) through direct effects on the fish community. As a representative example of
many wetlands in North China, our study clearly demonstrated that the biological integrity
was degraded, induced both by water quality deterioration and sediment pollution, further
driven by the contradiction between rapid development of regional economy and lagging
development of sewage treatment facilities, which were thought to be the main factor
responsible for the degradation of biological integrity.
© 2014 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.

Published by Elsevier B.V.
Keywords:
Biotic integrity
Water quality
Trace metals
Regional industrialization
Sanmenxia Wetland
Introduction

Riverine wetland is defined as a class of wetland that has a
floodplain or riparian geomorphic setting (Brinson et al., 1995),
which consists of water, sediments and organisms (Chapman and
Wang, 2001). As a consequence of rapid urbanization, economic
growth, intensification of agricultural productivity, and water
scarcity (Bordalo et al., 2006), the contamination of riverinewetlands
with nutrients as well as trace metals and organic xenobiotica has
increased, especially in developing countries, resulting in a delete-
rious effect on aquatic organisms and their structures (Allen and
Hansen, 1996; Singh et al., 2007). Thus, a series of evaluating
methods were promoted to conduct scientific assessments of
water and sediment quality, such as the water quality index (WQI),
sediment quality guidelines, and sediment pollution index (SPI).
c.cn (Baoqing Shan).

o-Environmental Science
WQI was first developed in 1965 (Horton, 1965), as a simple and
understandable tool for decisionmakers to evaluate the quality and
possible uses of riverine wetlands (Cude, 2001), then this approach
wasmodified and appliedwithmultiple variations and comparative
water quality evaluations for different riverine wetlands (Bordalo et
al., 2001, 2006; Cude, 2001). The role of sediments, as the sinks of
pollutants inwetlands,was not recognizeduntil the 1970s; sediment
quality guidelines have been promoted since that time, as well as
sediment quality criteria, index of geoaccumulation, and ecological
risk assessment methods (Shea, 1988; Chapman and Mann, 1999).
However, as these methods focused mostly on the threshold of
individual pollutants, SPI was then promoted as a multi-metal
approach for sediment quality assessment with attention to
trace metal concentrations and relative metal toxicity (Singh et
al., 2002).
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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The state of aquatic organisms is the dominant factor in
wetland function sustainment and element cycles (Mitsch and
Gosselink, 1993). Biological integrity, first applied in the Water
Clean Act in service of restoring and maintenance goals (Karr et al.,
1986), could provide information on the diversity and community
structure of these organisms, which displayed an interactive
relationship with both water and sediment quality (Hartwell et al.,
1998). Thus, the index of biological integrity (IBI) was widely used to
reveal the effect of human activities on the biotic integrity in the
temporal and/or spatial scale, and it has proved to be an effective
tool to evaluate a wide variety of disturbances that change species
assemblage stability and function (Karr et al., 1986). Different
branches of IBI, such as for fish, birds, plants and benthic organisms
were then promoted by researchers (Simon et al., 2001; Carignan
and Villard, 2002). Fish occupy a wide range of positions throughout
the aquatic foodweb and thus provide an integrative view ofwater-
shed condition (Karr et al., 1986). Thus, fish IBI was applied in river
IBI assessment first by Karr et al. (1986), followed by later studies of
community-modified variables (Roth et al., 1998; An et al., 2002).
These studies had already proved that fish IBI was reliable for
assessing assemblage structures with variables in three aspects,
i.e., species richness composition, trophic composition, and species
abundance and condition.

Riverine wetlands, which were formed in rivers by damming, are
thedominant type ofwetlands inNorthChina. SanmenxiaReservoir,
located in the middle reach of the Yellow River and acting as
boundaries of Shaanxi, Henan, and Shanxi Provinces, is the largest
riverine wetland in the north area of China. This wetland was
thought to be particularly vulnerable due to the lack of sufficient
sewage treatment facilities and increasing overexploitation of the
headwaters (Liu et al., 2010). In addition, Sanmenxia Dam construct-
ed for water storage, irrigation and flood control destroyed its
lateral and longitudinal connectivity. This water pollution,
accompanied by changes of the hydrological regime resulting
from the dam, was deemed to impair self-purification, resulting
in deleterious effects on organism habitats such as those of
native fish species, which has been extensively studied by earlier
research.However, little attentionwaspaid to the effect of thewater
environment on biotic integrity (Li and Lan, 1994), subject of great
urgency with the respect to biodiversity and ambient quality in this
region. Driven by this need, this article (1) carried out an application
of the fish IBI using historical data, (2) assessed water quality
deterioration and sediment pollution during the past 5 decades, and
(3) evaluated the effect of water environment changes on biological
integrity by correlation analysis.
1. Materials and methods

1.1. Study area

Sanmenxia riverine wetland (110°21′31″ to 111°20′3″E, 34°30′ to
34°50′N) is located in themiddle reach of the Yellow River, along
the borders of Henan, Shaanxi, and Shanxi Provinces in China
(Fig. 1). The regional climate is a typical warm continental
monsoon climatewith anannualmean temperature of 13.4°C. It
is subject to extreme drought, with 587 mm of annual rainfall
but 1430 mm of annual evaporation. A nature reserve with total
area of 19,500 km2 was built with the intent to provide habitats
for many aquatic species such as cormorants, egrets and gray
herons (Ardea cinerea).

The running water of the Yellow River was impounded by
Sanmenxia Dam which was built in 1961 and was the first dam
on the Yellow River. However, due to the high sedimentation
since the dam was built, the operational mode was modified
three times before 1974. After then, thewater levelwas regulated
between 310.6 and 314.0 m, with an average level of 312.1 m
above sea level. Beforedamconstruction, themeanannual runoff
was 42.3 billion m3 with a maximum volume of 65.9 billion m3.
After dam construction and change of the operational mode,
the annual total water volume of the dam varied from 632.3 to
4582.8 billion m3. The discharge amount increased from3084 to
10,000 m3/sec in the 1980s with dammed average water level of
315 m. Nowadays, the dam operation is divided into three
periodswithwater storage in Spring (fromMarch to June),water
discharge in the flood season (from July to October) and water
retention in Winter (from November to the next February)
(Li and Lan, 1994).

1.2. Sample collection and analysis

Surface sediment sampleswere collected before the Sanmenxia
Dam and soil sample were taken above the riparian zones in
2008, using a self-made sampling device. These samples were
air-dried to reduce thewater content before being transferred to
an oven to dry at 40°C. Dried sedimentswere ground in an agate
mortar and sieved (100 μm) prior to analysis.

For trace metal analysis, 0.1 g sediment sample was
digested in a 3:l (V/V) mixture of hydrofluoric and perchloric
acids following the procedures introduced by Tessier et al.
(1979). After dissolving the residues with 5% HNO3, these
solutions were stored at 4°C prior to analysis. Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS) was used to
determine the Cd, Cr, Cu, Ni, Pb, and Zn concentrations,
whereas the As and Hg were measured by atomic fluorescence
and cold atomic absorption, respectively. These contents were
analyzed for mean value and used to represent the sediment
quality of 2005.

The regional socio-economic data for Shaanxi and Shanxi
Provinces were obtained from the National Bureau of Statis-
tics of China, including population data (both urban and rural,
1949–2006) and gross domestic production (GDP, 1949–2006)
data.

1.3. Fish IBI, WQI, and SPI calculation

The fish IBI was proposed and applied by Karr et al. (1986) in
riverine wetlands. Species richness, trophic composition,
abundance and condition of fish community were assessed
in the riverine wetland. Variables of IBI were divided into five
categories including excellent (58–60), good (48–52), fair (40–
46), poor (33–35), and very poor (20–25) (Karr and Dudley, 1981;
Karr et al., 1986). The fish inventories in the past 50 years were
extracted mainly from the investigation conducted by the
aquatic institute of Henan Province in 2006, Fishery Resources
in Yellow River System, and the fishery resources survey in
the Sanmenxia (He, 1987; Zhang, 1990; Li and Lan, 1994; Wang,
2009).

WQI was adopted to evaluate the change of historical
water quality in this wetland (Cude, 2001). Basic parameters,
including dissolved oxygen, biochemical oxygen demand, pH,
ammonia, total phosphorus, total suspended solids, temper-
ature and fecal coliforms, were obtained from the hydrolog-
ical data of the Yearbooks of Yellow River as well as published
literature (Yellow River Conservancy Commission, 1958–2005;
Chen et al., 2005).
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Sediment contamination was indicated by SPI with trace
metals calculated by Eq. (1) (Singh et al., 2002).

SPI ¼
X

Cn=C0ð Þ � T fð Þ=
X

T f ð1Þ

where, Cn (mg/kg) is the measured metal concentration, C0

(mg/kg) is the backgroundmetal concentration from the Loess
Plateau, and Tf (dimensionless parameter) is the toxicity index
for each trace metal obtained from the literature (Hakanson,
1980; Singh et al., 2002). Data on the trace metals of sediment
in the 1950s, 1960s and 1980s extracted from the core samples
of soil in 1987 (Li and Lan, 1994), data of the 1990s referred
from the research articles of Yellow River (Tian et al., 1991;
Sun et al., 2009), and 2000s' data from the survey for the
Henan reach of the Yellow River (Qi et al., 2009) were used.

All statistical calculations and collected data were per-
formed with the statistical package SPSS 18.

1.4. Quality assurance and quality control

Quality assurance and quality control of the analytical
procedure for sedimentary trace metal (Cd, Cr, Cu, Ni, Pb,
and Zn) determinations were carried out using method blanks
and certified reference material (GBW 07305) purchased from
the National Research Center for Certified Reference Materials
of China. Five blanks were treated identically to the samples in
each batch. Recoveries for Cd, Cr, Cu, Ni, Pb, and Znwere 96.0%,
94.1%, 92.7%, 95.0%, 94.8% and 93.8% averaged over all batches,
respectively. Five replicates of the certified reference standards
showed relative standard deviations for Cd, Cr, Cu, Ni, Pb, and
Zn of 4.6%, 4.2%, 4.4%, 3.9%, 4.0% and 4.4%, respectively.
2. Results and discussion

2.1. Biotic integrity changes indicated by fish IBI in the
Sanmenxia Wetland

The species richness composition and the trophic composition
as well as the abundance and condition of the fish community
of the Sanmenxia Wetland are listed in Table 1. The number of
native species increased from 43 (in the 1960s) to 66 (in the
1980s) anddecreased to 38 in 2005. Fish production dramatically
decreased from 40,000 to 1000 kg/year from the 1950s to 2005
with the number of exotics obviously increased from 3 to 6.
During the same period, the number of pelagic pool species
decreased from 35 to 21, with long-life-span species decreasing
from8 to 2,whereas thenumber of intolerant specieswas only 1
left in 2005. Native insectivores decreased from 33 to 8, and
native carnivores showed the same trend in the temporal scale
with only 4 left in 2005.

In order to refine our information on the change of fish
biotic integrity, we performed fish index of biological integrity
(FIBI) calculations from the 1950s to the 2000s. At first glance,
the results showed that the value of IBI decreased from 46 to
20, which indicated the fish community state shifted from fair
to very poor conditions. A closer look at the historical FIBI
values revealed that damming by itself did not affect the fish
biotic integrity, with comparable FIBI values from the 1950s to
the 1960s. A sharp decrease happened in the 1980s with FIBI
falling to 33, and continuously decreasing to 24 in the 1990s,
reaching the lowest value (20) in 2005 (Table 1).

2.2. Water quality and sediment contamination assessment

Based on the historical monitoring data of the Sanmenxia
station from 1976 to 2005, WQI values were calculated as an
integrity assessment of the historical change in this wetland
as depicted in Fig. 2. There was an inflection around 1985,
before which the values of WQI stayed relatively stable, and
thereafter the values of WQI displayed a continuous decrease,
although they fluctuated. Thus during the past 3 decades, the
water quality in the Sanmenxia Wetland deteriorated from fair
(with the WQI value of 83 in 1976) to very poor conditions (WQI
of 44.1 in 2005). From the year 2000 to 2005, the water quality in
this wetland was in very poor condition, with WQI value less
than 59, and it reached the lowest value of 28.6 in 2003. Recent
data after 2003 showed that the water quality became
better, with a WQI increase. However, further monitoring data
and studies are needed to provide positive evidence of this
phenomenon.



Table 1 – Variables of fish integrity and index of biological integrity (IBI) changes in the past 50 years.

Category Metric 1950s 1960s 1980s 1990s 2000s 2005

Species richness composition Number of native species 43 48 66 46 40 38
Number of benthic species 18 15 15 12 13 14
Number of pelagic pool species 35 20 41 16 24 21
Number of long life span species 8 9 4 3 3 2
Number of intolerant species 4 6 2 1 2 1
Number of tolerant species 33 35 28 19 17 22

Trophic composition Number of omnivores 28 42 23 29 6 15
Number of native insectivores 33 37 26 13 11 8
Number of native carnivores 26 18 19 6 5 4

Fish abundance and condition Annual fish production (kg/year) 40000 30000 5000 3000 2200 1000
Percentage of hybrid individuals 0% 0% >0–1% >1% >1% >1%
Number of exotic species 3 2 4 3 8 6
FIBI 46 44 33 24 22 20

FIBI (fish index of biological integrity).
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Acting as the sink of pollutants, sediment always becomes
polluted accompanying overlying water pollution, and trace
metals have usually been thought to be some of the most
poisonous sedimentary pollutants, which would impose
deleterious effects on aquatic organisms and their structures.
Sedimentary trace metals, including As, Hg, Pb, Cr, Cd, Cu,
and Zn, aswell as calculated SPI values from the 1950s to 2005
are listed in Table 2. As reached its highest concentration in
the 1980s with a value of 15.1 mg/kg and sustained the
accumulated value from the 1990s to 2005. Hg decreased from
0.061 mg/kg (in the 1950s) to 0.022 mg/kg (in the 1960s), and
then increased to 0.06 mg/kg (in 2005). Cd and Cu showed
steady increases in the past 50 years, with concentration
increasing from 0.06 to 0.19 mg/kg and from 11.7 mg/kg to
30.4 mg/kg, respectively. Zn showed a dramatic increase in
1980s (72.4 mg/kg), and reached the maximum value in the
2000s of 143 mg/kg.

As an integrity assessment of sediment trace metal
pollution, SPI revealed that sediments from the Sanmenxia
Wetland were continuously polluted by heavy metals since
the 1960s (Table 2). However, contrary to the FIBI, it seemed
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Fig. 2 – The historical water quality changes in the
Sanmenxia Wetland indicated by water quality index (WQI)
values from 1976 to 2005.
that damming by itself did affect the trace metal content of
the sediment, with SPI values decreasing from 1.65 to 0.99. A
relatively stable trend or a slight increase of SPI during the
1960s to 1990s (0.99 to 1.05) could be observed, but thereafter,
SPI kept increasing from 1.05 to 2.14 in the most recent 2
decades, which clearly indicated that continuous accumula-
tion of tracemetals took place in this wetland in the temporal
scale. Giving consideration to the synchronization of WQI
and SPI, it could be concluded that the water quality
deterioration had already resulted in sediment pollution in
the Sanmenxia Wetland.

2.3. Correlation analysis between water environment and
biotic integrity

In order to reflect the relationship between the fish biotic
integrity and water quality in this wetland, the Kendall's-T
correlation analysis was utilized for correlation analysis, and
it indicated that the fish biotic integrity was affected
significantly by both water quality and sediment contamina-
tion (Table 3). IBI values had a significantly positive correla-
tion with WQI (r = 0.867, p < 0.05). The variables of biotic
integrity had a significantly positive correlation with WQI,
including numbers of long-life-span species (r = 0.966,
p < 0.01) and native insectivores (r = 1.000, p < 0.01). Native
insectivores and long-life-span ones increased with WQI
improvement, which significantly made the integrity health-
ier. The number of native carnivores, total production of fish,
and number of intolerant species were all significantly
affected by water quality at the 0.05 level, with correlation
coefficients of 0.733, 0.867, and 0.788, respectively. Finally,
total production suggested a positive linear correlation with
WQI over the past 50 years, which indicated that the decrease
of fish production in this wetland resulted from the deteri-
oration of water quality.

No significant correlations were found between SPI and
WQI or IBI, although interaction between the sediment and
overlying water has been observed in a large number of rivers
and lakes. This may be explained by the following reasons.
First, most of these pollutants to the Sanmenxia Wetland
were from river inputs such as the upstream Yellow River,
Wei River, and Fen River, which indicated that the



Table 2 – Sedimentary trace metal contents with the background values of the Loess Plateau, as well as sediment pollution
index (SPI) as an integrity assessment of the sediment pollution of the Sanmenxia Wetland from the 1950s to 2005.

Trace metals As (mg/kg) Hg (mg/kg) Pb (mg/kg) Cr (mg/kg) Cd (mg/kg) Cu (mg/kg) Zn (mg/kg) SPI

Background values 12 0.024 22.9 67.3 0.11 21.3 69.3
1950s 5.9 0.061 15.4 41.2 0.06 11.7 30.6 1.65
1960s 13.2 0.022 24.4 59.2 0.12 23 60.05 0.99
1980s 15.1 0.022 26.4 67.7 0.13 23.4 72.4 1.03
1990s 12.7 0.019 23.1 68.1 0.152 26.52 83.4 1.05
2000s 15 0.04 23 67.2 0.14 23.9 143 1.49
2005 11.84 0.06 25.7 69.03 0.19 30.4 67.36 2.14
Tf 10 400 5 2 300 5 1

Tf: is the toxicity index for each trace metal obtained from the literature
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sedimentation process had already taken place in the
upstream and its tributaries before they reached this wet-
land. Secondly, thewater volume in this wetlandwas so huge
that the contribution of pollutants from the sediments was
negligible.Whereas, it was observed that native species had a
significantly negative correlation with SPI (r = −0.828,
p < 0.05), which indicated that sediment contamination had
a direct effect on native fish.

2.4. Regional economy development and its effect on water
deterioration

Regional economy development was always thought to be
the driving force responsible for the observed water quality
deterioration and sediment pollution, as well as the conse-
quent degradation of the fish integrity. The Sanmenxia
Wetland is a typically riverine reservoir, with main water
input from the upstream Yellow River. However, there are
three major tributaries, i.e., the Wei River in Shaanxi
Province, Fen River, and Sushui River in Shanxi Province.
TheWei River is the largest tributary of the Yellow River, with
a total length of 818 km (502 km in Shaanxi), draining a
watershed area of 67.5 thousand km2. Due to the lack of
sufficient sewage treatment facilities, 78% of the total
industrial water plus 86% of the total domestic sewage in
Shaanxi Province was discharged to the Wei River (http://
Table 3 – Kendall's-T correlation analysis among
variables of IBI, SPI and WQI.

Variables IBI SPI WQI

Number of native species 0.467 −0.828a 0.600
Number of long life span species 0.828a −0.643 0.966b

Number of intolerant species 0.645 −0.445 0.788a

Number of omnivores 0.467 −0.690 0.600
Number of native insectivores 0.867a −0.690 1.000b

Number of native carnivores 0.867a −0.414 0.733a

Total production of fish (kg/year) 1.000b −0.552 0.867a

Number of exotics −0.552 0.643 −0.690
IBI 1 −0.552 0.867a

SPI 1 −0.690
WQI 1

a Correlation is significant at the 0.05 level (2-tailed);
b Correlation is significant at the 0.01 level (2-tailed).
IBI (index of biological integrity); SPI (sediment pollution index); WQI
(water quality index).
news.xinhuanet.com/fortune/2010-04/17/c_13255304.htm).
For both the Fen River and Sushui River, the situation
was more or less the same. Thus, the contamination of
these tributaries with nutrients as well as trace metals has
increased in the past 30 to 40 years as a consequence of rapid
urbanization and economic growth in this area, combined
with water scarcity.

As depicted in Fig. 3, since the 1980s, urbanization was
greatly accelerated, and the GDP increased sharply, together
with the steady increase of regional population in both
Shaanxi and Shanxi Provinces, suggesting a rapidly increas-
ing wastewater production. However the wastewater treat-
ment efficiency remained at the very low level of about 10%
during the 1980s in North China (Yang, 2008). This contradic-
tion between fast economic development and neglected
municipal wastewater treatment resulted in the steep
increase of effluents to city rivers, which we observe in the
deterioration of water quality and consequent degradation of
fish biotic integrity in the Sanmenxia Wetland. After 2004,
sensitive species were rarely captured, with only tolerant
ones left in the basin whichmight be caused by the high level
of pollutant discharge and habitat destruction in the
Sanmenxia Wetland (Table 4) (Wang, 2009).

In conclusion, the contradiction between rapid develop-
ment of the regional economy and lagging development of
sewage treatment facilities was probably the main driving
force responsible for the observed degradation of fish
integrity resulting from the water quality deterioration and
sediment pollution in the Sanmenxia Wetland.
3. Conclusions

As an example representative of many wetlands in North
China, where wetland degradation has been observed widely,
this case study conducted in the Sanmenxia Wetland
illustrates that biological integrity degradation has acceler-
ated mainly because of the water deterioration and sediment
pollution since the 1980s, further driven by the contradiction
between rapid development of regional economy and insuf-
ficient sewage treatment facilities, were thought to be the
main factor responsible for the biological integrity degrada-
tion of fish in the SanmenxiaWetland. Hence, more attention
should be drawn to the protection of these riverine wetlands
in the future.

http://news.xinhuanet.com/fortune/2010-04/17/c_13255304.htm
http://news.xinhuanet.com/fortune/2010-04/17/c_13255304.htm
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Fig. 3 – Regional development of population and gross domestic production (total GDP, and GDP per capita) of both the Shaanxi
and the Shanxi Province, China. Data were obtained from the National Bureau of Statistics of China.

Table 4 – Species structure of fishes captured in the
Sanmenxia Wetland (unit: kg) (Wang, 2009).

Fish species 1995 2000 2004 2005 2006 2007

Perciformes 1100 780 560 493 426 461
Siluroid 1200 570 426 336 280 206
Cypriniformes 150 78 NC NC NC NC
Pelteobagrus fulvidraco 650 380 340 210 186 160

NC: not captured.
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