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Abstract:

Over-bank flooding is one of the driving forces controlling ecological integrity of riparian wetlands. Indentifying natural over-
bank flooding regime and its temporal variations is crucial for developing conservation and restoration plans and making water
resources management policies for these ecosystems. Along the midstream of the Wei River in Xi’an, China lies the Jingwei
riparian wetland, which was well preserved until the 1970s. Based on historical record of hydrological and morphological data
of the Wei River from 1951 to 2000, we analysed temporal variations of over-bank flooding frequency, duration, and timing
in this paper. The natural annual over-bank flooding regime was identified as having an occurrence frequency of 2Ð2 times
a year and average duration of 5Ð3 days; these flooding events typically occur between June and September with occasional
occurrence in late spring and late autumn. Over-bank flooding occurrence frequency and duration decreased significantly
during the 1990s, seasonal events of over-bank floods were changed through reduced flooding frequency during summer and
disappearing flooding events in late spring and late autumn. Further investigations showed that reduced discharge in the Wei
River was the principal cause for these changes in over-bank flooding dynamics. Our analysis also showed that decreased
discharge of the Wei River during the 1990s was attributed near equally to disturbances from human activities and decreased
regional precipitation. Results from this study may help reestablish natural over-bank flooding dynamics in order to ensure
successful restoration of Jingwei riparian wetland. Copyright  2010 John Wiley & Sons, Ltd.
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INTRODUCTION

Riparian wetlands, transitional zones between aquatic and
upland systems (Mitsch and Gosselink, 2000), are vital
to the healthy functioning of the whole river ecosys-
tem. They are inherently connected with adjacent aquatic
systems through water-mediated exchanges of energy,
nutrients, and species (Heiler, et al., 1995; Tockner et al.,
1999; Pringle, 2001). As a determinant driving force for
ecological integrity of riparian wetlands, connection with
rivers not only supplies significant amount of water, espe-
cially in arid and semi-arid areas with insufficient precip-
itation to sustain wetland hydrology conditions (Puck-
ridge et al., 1998; Amoros and Bornette, 2002), but also
provides necessary nutrients, such as nitrogen and phos-
phorus to riparian wetlands (Junk et al., 1989; Junk and
Wantzen, 2004). This connectivity is also a major process
controlling plant community composition and distribu-
tion (Naiman and Décamps, 1997) and thus influences
the biotic diversity of riparian wetland ecosystems.

Connectivity between riparian wetlands and rivers can
be achieved through subsurface or surface flows. Sub-
surface connectivity occurs via groundwater flow. Such
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interactions may cause major changes in riparian wet-
lands hydrology, but they had little impact on geomor-
phological changes (such as accretion and/or erosion),
nor do they allow for movement of large organic matter
or sediment particles. Surface connectivity via over-bank
flooding events enables direct interaction between rivers
and riparian wetlands. This connectivity allows strong
exchange of dissolved and suspended matter, flora and
fauna, and regulates the geomorphological conditions of
the whole river ecosystem. Recent studies have showed
that temporal surface connectivity plays a critical role in
sustaining integrity and biodiversity of riparian wetland
ecosystems and potentially influences functions of river-
floodplain ecosystems (Kingsford, 2000; Mitsch and Gos-
selink, 2000). Surface connectivity can regulate wetland
soil, moisture and nutrients (Fennessy and Mitsch, 2001)
and control plant community composition and distribu-
tion (Rea and Ganf, 1994; Bledsoe and Shear, 2000; Pettit
et al., 2001; Robertson et al., 2001; Leyer, 2005; Magee
and Kentula, 2005). It may also affect wetland biogeo-
chemical processes (Hamilton et al., 1995; Tockner et al.,
1999; Pringle, 2001; Fink and Mitsch, 2007), improve
diversity of various vertebrate and invertebrate groups
(Tockner et al., 1999), and influence primary production
in riparian wetlands (Robertson et al., 2001). Number of
scholars have concluded that functions of some riparian
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wetlands are dominantly supported by seasonal surface
connectivity (Mitsch and Gosselink, 2000; Robertson
et al., 2001). A key concept in emphasizing the impor-
tance of surface connectivity is the flood pulse concept
(Junk et al., 1989; Junk and Wantzen, 2004), which posits
the view that rivers and their fringing floodplain wetlands
are integrated components of a single dynamic system,
linked by strong hydrological and ecological interactions
through surface connectivity. The flood pulse concept
has proven to be an integrative approach for studying
highly diverse and complex ecological processes in river-
floodplain systems in tropical areas where the theory was
developed, as well as in temperate (Tockner et al., 2000;
Harold and Michael, 2006) and arid or semi-arid areas
(Walker et al., 1995; Puckridge et al., 1998; Amoros and
Bornette, 2002).

Like other ecosystems riparian wetlands are vulnerable
to local impacts of climate change and human distur-
bances. Their dependence on adjacent river channels for
hydrological and ecologic inputs renders them suscepti-
ble to regional changes within the watershed. River flow
regime may be changed due to decreased precipitation,
increased temperature and human activities in the water-
shed, such as dam construction, stream channelization,
river embankment, flow regulation, and water extraction
(Poff et al., 1997; Molles et al., 1998; Davis and Froend,
1999; Page et al., 2005). Variation in connectivity dynam-
ics may lead to degradation of wetland functions and
shrinkage of wetland areas, ultimately cause a specific
wetland to be replaced by other landscape elements
(Galat et al., 1998; Davis and Froend, 1999; Mitsch and
Gosselink, 2000; Reckendorfer et al., 2006). Kingsford
(2000, 2003) and Kingsford and Thomas (2002) proposed
that reductions in frequency and duration of bankfull
events can cause a decrease in riparian wetland extent
and health.

Due to the importance of over-bank flooding for ripar-
ian wetlands, reestablishing lateral surface connectivity
between rivers and riparian wetlands is a promising
method for restoring riparian wetlands or the whole river
ecosystems (Ward and Stanford, 1995; Galat et al., 1998;
Molles et al., 1998; Middleton, 1999; Schiemer et al.,
1999; Palmer et al., 2005). Investigating natural tempo-
ral patterns of over-bank flooding dynamics can provide
important information for developing riparian wetland
restoration strategies. Studies have shown that the fre-
quency, duration and timing of over-bank flooding can be
used to characterize the temporal nature of surface con-
nectivity (Poff et al., 1997; Kingsford, 2000; Robertson
et al., 2001; Kingsford and Thomas, 2002; Kingsford,
2003; Reckendorfer et al., 2006). For instance, Robert-
son et al. (2001) pointed out that frequency of over-
bank flooding is essential in determining the structure
and function of plants communities in many riparian
wetlands. Reckendorfer et al. (2006) introduced a con-
nectivity parameter represented by annual duration of
over-bank flooding to quantify impact and success of
restoration measures. Another important characteristic,
over-bank flood timing is ecologically critical for many
aquatic and riparian species (Poff et al., 1997) because
they are consequential in dispersal of plant propagules,
triggering germination and supporting subsequent estab-
lishment of seedlings (Naiman and Décamps, 1997; Mid-
dleton, 1999; Robertson et al., 2001).

The Wei River is a major tributary of the Yellow
River in China. It was joined by the Jing River near
Xi’an, China. At the confluence of these two rivers lies
the well known Jingwei riparian wetland, as shown in
Figure 1. This wetland once had a significant coverage
and important ecological functions. Since 1970s, how-
ever, the natural vegetation of the wetland has been

Figure 1. Location of the study area, boundary of Jingwei riparian wetland and selected cross sections
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severely damaged and a large area has lost character-
istics of natural wetlands (Tian, 2007). Studies by Jia
et al. (2004) and Tian et al. (2008) found that on-site
precipitation and subsurface water recharge nowadays are
not sufficient to sustain hydrology of the wetland. Thus,
exploring the natural over-bank flooding dynamics and
temporal variations of over-bank flooding pulses is an
essential step toward development of sound conservation
and restoration strategies for Jingwei wetland, and inves-
tigating the inherent causes of the temporal variations of
over-bank flooding is critical for a good understanding of
hydrological alterations to make rational water resources
management policies.

The main objectives of this study were to: (1) inves-
tigate natural dynamics of over-bank flooding in Jingwei
wetland and quantitatively evaluate annual and decadal
temporal trends and variations; and (2) explore relation-
ships between possible causes and observed temporal
patterns. We hypothesized that temporal variations in
over-bank flooding can be attributed to flow alteration
in the Wei River discharge, which has been affected by
climate change and human disturbances. Historical pre-
cipitation and river discharge records from 1951 to 2000
were used to test our hypothesis.

STUDY SITE DESCRIPTION

As shown in Figure 1, Jingwei wetland (Latitude D
34°200N, Longitude D 109°490E) is located at the con-
fluence of the Jing River and the Wei River near
Xi’an China. Elevations of the site range from 357 to
373 m. Current land cover types include riparian wet-
lands, croplands, waste lands and shrub lands. The area
has a sub-humid continental climate with annual aver-
age temperature of 13Ð2 °C. Mean annual precipitation
is 594Ð1 mm, with 60% of the precipitation occurring
between July and September. Average annual pan evapo-
ration is 1528Ð8 mm, which is about 2Ð6 times the mean
annual precipitation (Tian et al., 2008). The area has a
frost-free period of 207 days and sunshine hours of 2415
each year. Surficial deposit of the wetland area consists of
about 20 m of loess characterized by sand, sandy loam

and sandy clay (Tian et al., 2008). The loess layer is
underlain by alluvial deposits of clayey soil inter-bedded
with sand. Under the loess layer are Cenozoic deposits
with total thickness of 2000–7000 m (Lu et al., 2008).

The original area of Jingwei wetland can not be found
in record, but it was claimed to be the largest wetland in
the region (Shi, 1999). The natural vegetation of Jingwei
wetland has been severely damaged since 1970s, and
most of the originally wet area has lost characteristics
of natural wetlands (Tian, 2007). The Ministry of Water
Resources of China and the government of Xi’an City
have initiated a plan to restore the wetland as a first
step to protect ecosystem of the Wei River, the largest
tributary of the Yellow River in China. The planed area
of the restored Jingwei wetland is 63Ð5 km2.

The Wei River, originating from north of the Wushu
Mountains, runs 818 km through the provinces of Gansu
and Shannxi before it joins the Yellow River (Figure 1). It
has a total catchment area of about 134 800 km2. It con-
tributes 16Ð5% annual runoff and 32Ð5% annual sediment
to the Yellow River. Within our study site, the channel
width of the Wei River is between 0Ð25 and 0Ð47 km,
and the average channel gradient is between 0Ð45‰ and
0Ð6‰. As one of the cradles of early Chinese civiliza-
tion, the Wei River has been heavily regulated by four
large reservoirs and 29 medium sized reservoirs. There
are now 32 water diversion projects with a discharge rate
of about 6Ð17 ð 108 m3 year�1 (Song et al., 2007). These
engineering structures provide water for an irrigated land
area of more than 1Ð1 ð 106 ha and other users along the
main channel and its tributaries in the region. Annual flow
of the Wei River has been observed decreasing sharply
at the Lintong gauging station, located in downstream of
Jingwei riparian wetland. The river flow has decreased
by 53Ð4% from 1951–1960 to 1991–2000, as illustrated
in Figure 2.

MATERIALS AND METHODS

Morphological, climatic and hydrological data used in
our study were obtained from the Yellow River Conser-
vancy Commission (YRCC) that maintains a hydrological
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Figure 2. Annual runoff (solid line with markers) of Wei River at Lintong gauge station and annual precipitation (bar) upstream of the station from
1951 to 2000
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monitoring network for the Wei River. The network is
comprized of a number of water level and discharge
gauging sites and several cross-sectional geometric mea-
surement sites along the river channel. Hydrological mea-
surements were conducted on a daily basis, whereas the
cross-sectional geometric records were measured on an
annual or semi-annual basis. Two cross sections and
three gauging stations along the Wei River with long-
term (about 50 years) hydrological and morphological
data were selected to conduct our research. Over-bank
flooding frequency, duration, and timing were used to
characterize over-bank flooding dynamics.

Data collection

Two cross sections that are 11Ð7 km apart located at
Daokou and Gengzhen were selected as representative
points in this study (Figure 1). These two cross sections
are very close to the boundaries of the Jingwei wet-
land with Daokou on the upstream (western) end and
Gengzhen on the downstream (eastern) end. Long-term
observations (1969–2000) of cross-sectional morpholog-
ical data are available for both sections.

About 50 years hydrological data, including river stage
and runoff discharge, were available from the nearest
gauging stations, which are less than 200-m away from
the selected cross sections. At Daokou section, river
stage data are available for the period 1951–2000.
At Gengzhen section, data were available from two
sources: 1979–1998 data from Gengzhen station, which
is about 150 m from the cross section (Figure 1), and
1960–1979 data from Lintong station, which is about
9Ð9 km downstream from Gengzhen station. Two data
sets were compiled to extend the historical data range.
Monthly maximum flood stage data from 1979 to 1985
at both stations were selected to establish a relationship
between the two gauge stations to minimize the effect of
spatial and temporal variations in morphology. The high
correlation coefficient of 0Ð98 indicates a strong linear
relationship between river flood stages at the two stations
(Figure 3). Thus, the river stage at Gengzhen station can
be predicted with a high degree of certainty from river
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Figure 3. Correlation of flood stages between Gengzhen gauge and
Lintong gauge

stage data at Lintong station using the linear regression
equation presented in Figure 3.

Analysis of the over-bank flooding dynamics

Determination of over-bank flooding. To avoid uncer-
tainties in estimating bankfull discharge, measured daily
river stage and determined yearly bankfull stages of each
year were used to identify over-bank flooding events.
Identifying bankfull elevation at a given river cross
section is usually ambiguous considering various meth-
ods proposed for it. Based on a review of definitions for
over-bank flooding by Navratil et al. (2006) and available
data at our study site, the beginning of the floodplain
named top of bank (TOB), was used to determine the
surface elevation at bankfull stage. Another reason for
choosing this definition is that it is closely associated with
the limit of surface connectivity between the main chan-
nel and the adjacent riparian wetland. Both cross sections
were constructed using topographic data (more than 30
measurement points) measured annually or semi-annually
from 1969 to 2000.

Determination of over-bank flooding frequency and
duration. Flooding frequency and duration analysis are
often conducted with daily river discharge or stage data
because of their common availability over longer period
of time (Petit and Pauquet, 1997; Sweet and Geratz,
2003; Page et al., 2005). Long-term daily hydrological
data were used to identify the natural over-bank flood
regime and investigate its temporal variations in this
study. Bankfull discharge occurs commonly at a recur-
rence interval of 1–2 years based on estimation using
the annual maximum flood (AMF) approach (Harman
et al., 1999; Castro and Jackson, 2001). However, the
conclusion has been questioned by other studies (Petit
and Pauquet, 1997; Lang et al., 1999) because the AMF
approach mathematically gives recurrence intervals more
than one year. For shorter recurrence intervals, the bank-
full discharge frequency can be analysed by the partial
duration series method, which utilizes all independent
events that exceed certain threshold (Lang et al., 1999).
TOB elevations determined from cross-sectional data for
each year were the thresholds in this study. Once an
over-bank flooding event was determined, its duration
was estimated using the flow duration approach. In order
to ensure independence of each over-bank flooding event,
a method proposed by the Water Resources Council of
United States (USWRC, 1976) was used. As indicated in
Equation (1), the method imposes a restriction that suc-
cessive flood events should be separated by a period that
is at least 5 days plus the natural logarithm of square
miles of basin area, and the intermediate flows between
two consecutive peaks must drop below 75% of the lesser
amount of daily discharge of the two flood events.

d > 5 days C ln�A� and Qmin <
3

4
min[Q1, Q2] �1�

where d in days is the intervals of two flooding events,
A is the basin area in square miles, Qmin is the minimum
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flow discharge between the two flood events, Q1 and
Q2 in m3 day�1 are the daily discharge of the two
consecutive peaks, respectively.

The duration of a single over-bank flooding is defined
as the period from the time when river discharge exceeds
the threshold of discharge to the time when the flood
discharge was reduced to 75% of the threshold (USWRC,
1976), with an assumed minimum duration of 1 day.

Causes of temporal trends and variations in over-bank
flooding. Decreased Wei River discharge was hypoth-
esized as the principal cause of changes in over-bank
flooding. Page et al. (2005) determined the effects of
altered flow regime on frequency and duration of bank-
full flows on the Murrumbidgee River in Australia by
comparing historical regulated flow to simulated natural
flow data. We adopted a similar framework for determin-
ing the impacts of alterations in flow, but used simpler
modelling tools to determine impacts of alterations in
flow. Chezy’s equation was used to estimate daily river
stage of a dry year (without over-bank flooding) based
on daily river discharge of a wet year and a normal
year. Note that dry, normal and wet years were randomly
selected based on annual runoff of the Wei River. To
account for the effects of morphological changes of river
channels, cross section of the selected dry year was used
to establish river stage-discharge relationship. Thereafter,
Pettitt’s change point test (Pettitt, 1979) and the double
mass curve method were used to separate contributions
of human activities and climate change to the decreased
Wei River discharge. The Pettitt’s test and double mass
curve analysis were carried out using data from Lintong
station, which is located 9Ð9 km downstream of Jingwei
riparian wetland as shown in Figure 1.

Application of Chezy’s Equation: Chezy’s equation
was used to establish the relationship between stage and
discharge of the selected dry year based on historical flow
data and cross-sectional data of the Wei River. Chezy’s
equation for discharge can be written as (Gerhart et al.,
1992):

Q D CA
p

RS �2�

Where C is Chezy’s coefficient, R is hydraulic radius,
S is slope of the energy line and A is area of channel
cross section.

Substituting C
p

S with a constant K for the cross
section at any stage and approximating R as a mean depth
of flow h, Equation (2) can be rewritten as:

Q D CA
p

RS D KA
p

h �3�

A plot of Q versus A
p

h now becomes a straight line.
The determined relationship between Q and h can be used
to predict h using river discharge data series. K values
were calibrated by linear regression using measurements
of flow (discharge and stage) data and cross-sectional
morphological data.

Pettitt’s change point test: The non-parametric
approach of Pettitt (1979) was used in this study to detect
potential change points and calculate their statistical sig-
nificance. Given a time series xi (1 � i � N), Pettitt used
a version of the Mann–Whitney statistic Ut,N, which ver-
ifies if two samples x1, . . . ., xt and xtC1, . . . ., xN are from
the same population. The Ut,N statistic counts the number
of times a member of the first sample that exceeds a mem-
ber of the second sample and is given by the following
equation:

Ut,N D Ut�1,N C
N∑

jD1

sgn�xt � xj� for t D 2, 3, . . . , N.

�4�
Where sgn �X� D 1 if X > 0, sgn �X� D 0 if X D 0,

and sgn �X� D �1 if X < 0.
The null hypothesis of Pettitt’s test is the absence of a

change point. Its statistic k�t� and associated probabilities
(p) used in significance testing are given by Equations 5
and 6, respectively.

k�t� D max1�t�N jUt,Nj �5�

p ¾D 2e��6k�t�2/�N2CN3�� �6�

Pettitt’s test was discussed in detail and applied
successfully to study climate change by Demarée (1990)
and Victoria et al. (1998). This method has also been
used to detect hydrological change points (Huo et al.,
2008; Zhang et al., 2008).

Double mass curve: The double mass curve method
was used to quantify the change in relationship between
precipitation and river discharge for different periods
identified by Pettitt’s change point test. A double mass
curve is a plot of cumulative values of one variable
against accumulation of another quantity during the same
time period (Searcy and Hardison 1960). The theory
behind double mass curves is that when the plot of two
cumulative quantities is a straight line, the slope of the
straight line represents the constant of proportionality
between the two quantities, and a break in slope indicates
a change in the constant of proportionality (Searcy and
Hardison 1960). Although double mass curve analysis is
typically performed on precipitation data, it has been used
to study the effects of climate change and human activity
on variations of watershed runoff (Lørup et al. 1998; Huo
et al. 2008) and evaluate soil water conservation projects
(Herweg and Ludi, 1999). For our study, runoff data were
obtained from Lintong gauge station and precipitation
data was obtained from the YRCC, where data were
estimated through rainfall data collected at gauge stations
that are located at upstream of the Lintong station.

RESULTS

Bankfull stage and discharge

Determined bankfull stages of the two cross sections
for several typical years are listed in Table I. TOB was

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. 24, 1296–1307 (2010)
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Table I. Thresholds of bankfull stages (m) at selected cross sections for representative years

Year 1969 1968 1973 1977 1981 1986 1990 1995 1997 2000

Gengzhen 359Ð1 359Ð3 359Ð2 359Ð6 359Ð4 359Ð5 359Ð8 359Ð6 359Ð4 359Ð5
Daokou 366Ð1 366Ð1 365Ð9 366Ð2 366Ð1 366Ð0 366Ð2 366Ð4 366Ð5 366Ð5

The threshold stages were estimated based on the river bank elevation taking the sea level as datum

assumed to be constant from 1951 to 1969, because
previous studies have indicated that the river channel
at our study site was in erosion-aggradation equilibrium
during this period (Wang et al. 2004). From 1969 to
2000, river bankfull stage elevation at each cross section
increased by approximately 0Ð4 m. According to Deng
and Guo (2006), total sediment deposited along the Wei
River was 13Ð09 ð 109 m3 during our study period; but
the upper reaches of the Wei River within which we
studied only intercepted 2Ð3% of the total sediment.
Therefore, bankfull stage of the two cross sections did
not increase significantly as that in the downstream of the
Wei River. The measured threshold bankfull discharge,
as listed in Table II, decreased from 5000 m3/s before
1966 to 3200 m3/s in 2000 at Lintong gauging station,
a 36% reduction in flow rate. Major decline of bankfull
discharge occurred after 1980s as listed in Table II. Deng
and Guo (2006) attributed bankfull discharge fluctuation
to variations in cross-sectional area of the main channel.

Temporal variations of over-bank flooding dynamics

Variations of over-bank flooding frequency. To exam-
ine the trend of over-bank flooding dynamics, we com-
pared over-bank flooding frequency over the studying
period based on a pentannual interval. Long-term tempo-
ral dynamics of over-bank flooding events at Gengzhen
cross section from 1961 to 2000 and Daokou cross section
from 1951 to 2000 are presented in Figure 4. Aver-
age annual flooding events are 1Ð91 at Gengzheng cross
section and 1Ð85 at Daokou cross section. Flooding fre-
quency at Gengzhen was slightly higher than that at
Daokou cross section, but the difference was insignificant
(p D 0Ð45). The highest annual frequency for each cross
section was 2Ð8, which occurred during the period of
1961–1965 at Gengzhen cross section and 1956–1960 at
Daokou cross section. There was no significant difference
between over-bank flooding frequency during the 1980s
and before for both cross sections (p > 0Ð18). Average
annual flooding frequency during the 1990s was 0Ð8 for
Gengzhen and 0Ð3 for Daokou, both reduced significantly
(p < 0Ð0005) comparing to that before 1990. The tempo-
ral dynamics of over-bank flooding events were similar
at the two cross sections and both had a decreasing trend
as shown in Figure 4.
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Figure 4. Over-bank flooding (OBF) frequency during different periods
at (a) Gengzhen section and (b) Daokou section

Variations of over-bank flooding duration. Figure 5
presents the over-bank flooding durations at the two
cross sections based on a pentannual interval. Similar
to average over-bank flooding frequency, mean annual
over-bank flooding duration was 5Ð9 days at Gengzhen
and 5Ð1 days at Daokou cross section, and the difference
was insignificant at the level of p D 0Ð28. The longest
mean annual over-bank flooding duration was 14Ð4 days
during 1981–1985 at Gengzhen, and 10Ð2 days during

Table II. Measured bankfull discharge (Q) at Lintong station in representative years (Adapted from Deng and Guo, 2006)

Year 1966 1968 1973 1977 1981 1986 1990 1995 1997 2000

Q (m3/s) 5000 4850 4300 4370 4670 3920 3600 3520 3200 3200
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1971–1975 at Daokou cross section. Mean annual over-
bank flooding duration before 1985 was 7Ð2 days at
Gengzhen and 5Ð6 days at Daokou cross section. No
significant differences (p > 0Ð2) were detected between
over-bank flooding durations in the 1980s and the time
before at both cross sections. The mean annual over-bank
flooding duration before 1990 was 7Ð3 days at Gengzhen
and 5Ð8 days at Daokou cross sections, which were
reduced to 1Ð2 days in 1990 at Gengzhen and 0Ð7 days in
2000 at Daokou, both were reduced significant at a level
of p < 0Ð0005.

Seasonal variations of over-bank flooding. Seasonal
variations of over-bank flooding were evaluated by sum-
marizing flooding events by month during the growing
season from May to October at a decadal interval. Only
one flooding event that occurred in April during 1980s
at Daokou cross section was excluded from this analysis.
As shown in Figure 6, monthly average flooding events
from May to October were 2Ð8, 1Ð3, 4Ð3, 2Ð3, 5Ð3, and
2Ð8 at Gengzhen cross section and 2Ð4, 1Ð6, 4Ð4, 2Ð6, 4Ð8,
and 1Ð8 at Daokou cross section. Seasonal variations of
over-bank flooding at the two cross sections were very
similar. At each cross section, 65% of total over-bank
flooding events occurred in summer from July to Septem-
ber, and 30% occurred in May (spring) and October (late
summer). Similar to over-bank flooding frequency and
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Figure 5. Over-bank flooding (OBF) duration during different periods at
(a) Gengzhen section and (b) Daokou section

duration, monthly flooding events from May to Octo-
ber during the 1990s decreased significantly (p < 0Ð05)
at both cross sections, except in July at Gengzhen cross
section at p D 0Ð42. For example, no over-bank flood-
ing occurred in May and September at Gengzhen cross
section and no flooding event in June and October at
Daokou cross section for the period 1990–2000. At
both cross sections, almost no over-bank flooding events
occurred in late spring and late autumn during the period
of 1990–2000, except one in October at Gengzheng cross
section and one in May at Daokou cross section.

DISCUSSIONS

Effects of alteration in river flow regime on changes
of over-bank flooding

The above analyses indicated that surface connectivity
between the Wei River and Jingwei riparian wetland
has changed significantly, especially after 1990. Previous
studies have demonstrated that altered river flow regime
and channel morphological are two major factors for
variations in over-bank flooding dynamics (Wurster et al.,
2003; Page et al., 2005). Ward and Stanford (1995)
pointed out that magnitude of peak flooding could be
reduced significantly by river regulations, which in turn
lead to decreased floodplain inundation frequency and
extent. Studies by Page et al. (2005) showed that flow
regulation could be a main cause for variability in
frequency and duration of over-bank flooding. In an
extensive review of the effect of dams on flow regime and
channel morphology, Petts and Gurnell (2005) concluded
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Figure 6. Decadal aggregated monthly over-bank flooding (OBF) events
from May to October at cross section of (a) Gengzhen and (b) Daokou.
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that the flow regulation caused by dams can lead to
marked reduction in bankfull flow frequency. Measured
bankfull discharge of Lintong gauging station decreased
dramatically since 1980s (Table II). This was attributed
to river channel shrinkage in the study by Deng and Guo
(2006). The over-bank flooding frequency and duration
should increase accordingly if there was no significant
change in river flow regime. Such a postulation, however,
contradicts to our findings in this study. Changed river
flow regime (Figure 2) was hypothesized as the principal
cause for temporal variations in over-bank flooding
dynamics in an early section of this paper. We tested this
hypothesis by estimating over-bank flooding dynamics
for a dry year with no over-bank flooding using daily
discharge of a normal and a wet year via an established
discharge-stage relationship using Chezy’s equation.

Selection of representative years. Based on annual
runoff of the Wei River, 1999, 1973, and 1981 were
selected as the representative dry, normal and wet years.
No over-bank flooding occurred in 1999, while two flood-
ing events occurred in 1973 and three floodings in 1981.
Summarized hydrological quantities of the 3 years are
listed in Table III. Using Chezy’s equation, a stage-
discharge relationship for Gengzhen cross section was
established for 1999 based on geomorphological and
hydrological data of that year. River stages were then esti-
mated with the established stage-discharge relationship
for 1973 and 1981 using mean daily discharge of 1973
and 1981 (Figure 7). Estimated daily stages were com-
pared to the TOB elevation of 1999 to determine flood

Table III. Hydrologic elements of Gengzhen cross section of
selected water year

Precipitation
(mm)

Annual
runoff

(108 m3)

Threshold
stage (m)a

Flooding
times

Duration
(days)

1999 472 38Ð45 359Ð4 0 0
1981 630 96Ð62 359Ð5 3 34
1973 540 62Ð32 359Ð1 2 26

a The threshold stage was estimated based on the river bank elevation
taking the sea level as datum.

event occurrence and calculate flood durations. Figure 7
shows that over-bank flooding times and durations for
reconstructed flow regime in 1999 was three events and
27 days using daily river discharge of 1981, and two
events and 10 days using daily river discharge of 1973.
These results verified our hypothesis that reduction in
river discharge was the main driving force for variations
in over-bank flooding dynamics. Note that there is some
uncertainties associated with using a calibrated constant
Chezy coefficient since cross-section boundary rough-
ness change with river stages (Rupp and Smart, 2007;
Warmink et al., 2007). Using a constant Chezy’s coef-
ficient may result in overestimate of water level at low
discharge and underestimate water level at high discharge
(Warmink et al., 2007). Therefore, we may have under-
estimated over-bank flooding events and duration while
using daily discharges from 1973 and 1981, leading our
conclusions to a more conservative side.

Causes of reduced river discharge. Reduced river dis-
charge may result from climate changes such as increased
temperature and decreased precipitation or human activ-
ities such as dam construction, water diversion and
groundwater pumping (Poff et al., 1997). From 1955
to 1983 (Figure 8), reservoir capacity along the Wei
River upstream of Lintong gauge station increased by
1600% (53 ð 107 m3 to 854 ð 107 m3), and irrigated
areas increased by 1200% (3Ð5 ð 104 ha to 43Ð2 ð
104 ha). Major human disturbances happened between
1970 and 1985 because 90% of total reservoir capac-
ity and 65% of total irrigated area in the Wei River basin
were completed during this period (Figure 8). Construc-
tion and operation of reservoirs, irrigation projects, and
groundwater pumping etc., have inevitably led to alter-
ations in natural dynamics of the Wei River flow regime.
These disturbances have eventually resulted in undesir-
able ecological effects such as threats to wildlife species
(Song et al., 2007). Annual precipitation of the Wei River
watershed above Lintong station showed a declining trend
from 1951 to 2000 as shown in Figure 2. Wang et al.
(2008) reported that precipitation is more influential than
evapotranspiration on stream flow in the Loess Plateau
region where our study site is located in (Figure 1).
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Therefore, we considered annual precipitation decrease
as the only factor while evaluating the impact of climate
change on decreased runoff in the Wei River. In order
to separate contributions of human activities and climate
change, Pettit’s test was used to detect change points of
hydrological data series. These change points were used
to determine periods over which double mass curves were
constructed to interpret the relationship between annual
precipitation and annual runoff of the Wei River. Results
of Pettitt’s tests are plotted in Figure 9. Two change
points with maximum values of k (t) were detected as
1970 (p D 0Ð001) and 1985 (p D 0Ð005). Both change
points were preceded by several years of rapid increase
in reservoir capacity and irrigation areas (Figure 8). The
results were consistent with our expectations considering
the time lag in the impact of human activities over the
large river basin. Zhang et al. (2008) studied the trends of
stream flow in Loess Plateau area and found that change
points in the area were between 1971 and 1985, which
were close to our results.

The study period from 1951 to 2000 was divided into
three periods: 1951–1970, 1971–1985, and 1986–2000.
We assume the first period from 1951 to 1970 as a
baseline period with limited human activity and climate
change; the second period from 1971 to 1985 as a
period of strong human influence and limited climate
change; and the third period from 1986 to 2000 as a
period with combined impacts of human activities and
climate change. The mean annual precipitation of the
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second period was 638Ð3 mm/year, very close to the mean
annual precipitation of 675Ð1 mm/year in the baseline
period; the mean annual precipitation of the third period
was 504Ð4 mm, which was about 21% lower than that
in the baseline period. Figure 10 shows double mass
curves for the three periods. All periods have a strong
linear relationship between cumulative precipitation and
cumulative runoff with correlation coefficients (r2) of
0Ð997, 0Ð989, and 0Ð956, respectively (Figure 10). Runoff
coefficients of the three periods, presented as slopes of
lines in Figure 10, were 0Ð157, 0Ð123, and 0Ð105. The
runoff coefficient for the third period from 1986 to 2000
was significantly lower than the other two slopes (p <
0Ð05), indicating that lesser amounts of runoff would
generated under same precipitation amount. Based on the
linear relationships obtained for the double mass curves,
the amount of ‘natural’ annual runoff during the third
period can be estimated using the regression equation of
the baseline period. Similarly, the annual runoff under
‘pure’ human disturbance can be obtained using the
regression equation of the second period. Therefore,
contributions of human activities and climate change to
the reduced flow of the Wei River in the third period
were separated and summarized in Table IV. Estimated
separate contributions from human activities and climate
change were 54Ð7% and 45Ð3%, respectively for the third
period from 1986 to 2000. This result is very close to
the findings of Zhang et al. (2008), who concluded that
human activities accounted for over 50% reduction of
annual runoff in the area of Loess Plateau.

Above analyses verified our hypotheses that a) the
significant reduction of over-bank flooding events in
Jingwei wetland was mainly caused by reduced river
discharge and b) human impacts and climate change
had almost equal contributions to the decline in river
discharge. Separating the effects of human activities and
climate change on river flow regime variations has always
been a challenging task. Methods used in the present
study are simple but results are comparable with other
studies conducted in the same region.

Implications for Jingwei riparian wetland restoration

Loss of natural connectivity dynamics between rivers
and riparian wetlands is a major factor for degradation
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Table IV. Gross estimation of contribution from human activities and climate change to Wei River discharge reduction

Regression
equation

Measured
cumulative runoff

Predicted cumulative
runoff

Value under effect of
human activity

Contribution

Human Climate

1951–1970 y D 0Ð157x 1734Ð0 1734Ð0 1734Ð0 0 0
1971–1985 y D 0Ð123x 1027Ð07 1230Ð86a 1027Ð07 203Ð03 0
1986–2000 y D 0.105x 730Ð27 1208Ð4a 946Ð73b 261Ð67 216Ð46

Note: Unit of runoff is 108 m3.
a The predicted runoff means the cumulative runoff simulated using the equation of the baseline period 1951–1970.
b The cumulative runoff of period 1986–2000 was simulated using the equation of period of 1971–1985.

of riparian wetlands (Ward and Stanford, 1995; Davis
and Froend, 1999; Middleton, 1999; Kingsford, 2000;
Kingsford and Thomas, 2002). For Jingwei wetland
discussed in this research paper, it is not the case. Our
study indicated that significant changes in over-bank
flooding dynamics first occurred during the 1990s. This,
however, is not consistent with the timing of the wetland
degradation that started in 1970s. We thus conclude
that changing flooding regime in the riparian area is
not the major cause of the wetland destruction; other
human activities such as ‘wasteland’ reclamation on the
floodplain and sand dredging on the river bank etc.
(Tian, 2007) may have destroyed native vegetation and
soil condition in the wetland, causing degradation of the
riparian wetland.

Because of the significance of over-bank flooding on
riparian wetlands, our study results have crucial implica-
tions in developing restoration and protection strategies
for Jingwei wetland. A commonly accepted ‘best prac-
tice’ to restore riparian zones is reestablishing dynamic
surface connectivity between rivers and riparian areas by
restoring natural flow regimes of the river (Ward and
Stanford, 1995; Poff et al., 1997; Middleton 1999). Our
research showed that natural over-bank flooding regime
of Jingwei riparian wetland has been altered significantly.
Natural over-bank flooding dynamics indentified in our
study is valuable for hydrologists, ecologists, engineers
and policy makers to incorporate into their plans for wet-
land restoration and water resource management along
the Wei River. We regarded over-bank flooding dynam-
ics before 1970 as natural because there were limited
disturbances from human activity and climate change
then. Identified natural flooding regime has an annual
flooding frequency of 2Ð2 (Figure 4) and duration of
5Ð3 days (Figure 5); over-bank flooding events usually
occur between June and September and occasionally dur-
ing late spring and late autumn (Figure 6). Li et al. (2008)
indicated that the best sprouting and growing period for
native wetland plants, such as reeds (Phragmites aus-
tralis), is from May to July in semi-arid and semi-humid
areas of China. Therefore, reduced flooding events dur-
ing these months can negatively affect regeneration and
survival of wetland plants in Jingwei riparian wetland.
Considering the anthropogenic activities occurred before
1970 (Figure 8), our assumption on the ‘baseline’ period

may be questioned (Figure 8). Based on our field sur-
veys, the Jingwei wetland played an important role in
maintaining regional water quality, plant diversity and
productivity before 1970s. Therefore, the identified natu-
ral over-bank flooding regime can be used as a guideline
for developing engineering measures and water resources
management strategies at the site with reasonable con-
fidence. In addition, results from this research can be
useful in setting up a realistic restoration goal to man-
age the river towards an ecological equilibrium and a
less degraded state rather than attempting to recreate
unachievable or even unknown historical natural condi-
tions (Palmer et al., 2005).

Our study indicated that both local and regional
factors are involved in the degradation processes of
Jingwei wetlands. All these factors should be taken
into account for successfully restoration of the riparian
wetland. For instance, human activities and climate
changes in the regional scale led to hydrological changes
of the Wei River, which in turn altered hydrological
condition of Jingwei riparian wetland. Human activities
at local level such as land reclamation and sand dredging
destroyed the original natural vegetation and soil in the
wetland and accelerate wetland degradation processes.
Therefore, comprehensive measures should be taken
for development of wetland restoration plan and water
resources allocation in the Wei River basin.

Considering the severe water resources shortage in
the region, restoring hydrology of the Jingwei riparian
wetland by inducing optimal over-bank flooding dynam-
ics may be the best management practice for water
resources management in the basin. However, flooding
control remains to be the highest priority. The Wei River
is prone to flooding because of its high elevation and
sediment content. For instance, the flooding in the first
seven months of 2003 affected an estimated people of
4Ð9 million, 46 000 homes were destroyed and 676 fatal-
ities were reported (Feng et al., 2004). Balancing poten-
tial conflicts between restoring natural river regime and
flooding control is a great challenge for water resources
management in the Wei River basin.

CONCLUSION

The present study showed that frequency and duration
of over-bank flooding events have decreased significantly
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since 1990s in the Wei River in Shaanxi, China. Seasonal
variations of over-bank flooding were represented by
disappearing of flooding events in late springs and later
autumns. Reduced flow discharge is the principal cause
for changes in over-bank flooding dynamics, which is
crucial for maintaining hydrology of the Jingwei riparian
wetland. Both human activities and climate change have
contributed to changes in flow regime of the Wei River.
‘Natural’ over-bank flooding dynamics indentified in this
research may help design practical goals for restoration
of the degraded Jingwei wetland. Future research should
focus on how to implement flood control operations along
the Wei River to allow flash over-bank flooding to occur
in Jingwei riparian wetland.
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