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ABSTRACT: Urbanization can affect the physical process of river growth, modify stream structure and further influ-
ence the functions of river system. Shanghai is one of the largest cities in the world, which is located in Changjiang
(Yangtze) River Delta in China. Since the 1970s, the whole river system in Shanghai has been planned and managed by
the Shanghai Water Authority. The primary management objectives in the last 30 years have been to enhance irrigation
and flood-control. By using Horton-Strahler classification and Horton laws as a reference, a novel method of stream
classification, in conjunction with the traditional and specially designed indicators, was applied to understanding the
structure and functions of the river system in Shanghai. Correlation analysis was used to identify the interrelations a-
mong indicators. It was found that the impact of urbanization on the river system was significant although natural laws
and physical characteristics marked a super-developed river system. There was an obvious correlation between the de-
gree of urbanization and the abnormal values of some indicators. Urbanization impacts on river system such as branch-
es engineered out, riverbank concreting and low diversity of river style were widely observed. Each indicator had dis-
tinct sensibility to urbanization so they could be used to describe different characteristics of urban river system. The
function indicators were significantly related to structure indicators. Stream structure, described by fractal dimension
and complexity of river system, was as important as water area ratio for maintaining river's multi-function.
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1 INTRODUCTION

Since the 1750s, promoted by Industry Revolution and
the rapid development of science and technology,
large-scale urbanization swept over the world. So far, it
is estimated that more than 60% of the rivers in the world
have been experienced high levels of human modifica-
tion (ALLAN, 1995). River systems have now become
one of the most deeply human-affected ecosystems in the
earth. To approach the impact of human activities on riv-
er system as a multidiscipline topic has been a focus of
research for the last 30 years. Researches demonstrated
the various impacts of urbanization on river system from
different aspects. It had been considered that the change
of geomorphology of river systems was an important and
neglected factor of environmental change (SEAR and
NEWSON, 2003). The study results of SURIAN and RI-

NALDI (2003) showed that considerable channel adjust-
ment, mainly exhibited as incision and narrowing caused
by human disturbance, has been commonly recognized
in Italian rivers as well as in UK and America. Urbaniza-
tion also had a dramatic impact on the health of river sys-
tem, which led to a series of studies on river condition
assessment (ZANDBERGEN, 1998; ISIDORI et al.,
2004). A case study in Toronto, Canada expressed that
the factors of both urban land use and riparian landscape
decided river water quality. When the ratio of urban land
use was over 50%, it was hard to maintain a good water
quality even if forest covered the whole of the riverside
(ALLAN, 1995).
Although there had a great number of papers focused
on natural river networks, little attention is given to the
urbanization impact on the structure and functions of riv-
er systems. Early in 1945, Horton proposed two laws to
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explain the growth of river system. One described the
negative relationship between stream order and the loga-
rithm of the number of streams, and the other was about
the positive relationship between stream order and the
logarithm of stream length (ALLAN, 1995). Horton's re-
search spurned quantitative methodologies to analyze
river systems. Numerous works followed and developed
his idea in many countries. For example, GU (1984)
demonstrated that stream structure was generally deter-
mined by watershed shape, river system stability, river
hydrological regime and flood carrying capacity. ZHOU
(1997) and GAO and YANG (1994) had their discussion
of the stream structure of the Beipan andWu rivers in the
southwest of China based on Horton's hierarchical clas-
sification system. There have also been studies that ex-
plored the structure of channel networks and dividers
within watersheds in America, France, Colombia and
China (PUENTE and CASTILLO, 1996; GRAVE and
DAVY, 1997; FENG and FENG, 1997). More research-
es have been conducted in the fields of fractal descrip-
tion of natural river systems and identifying the limita-
tions of Horton's laws (LA BARBERA and ROSSO,
1989; ROSSO et al., 1991; ROTH et al., 1996; VELTRI
et al., 1996; CHEN and LIU, 2001; KIRCHNER, 1994;
TARBOTON, 1996; LUO, 1998;WANG, 2002).
Since the 1980s, China has maintained a trend of rapid
urbanization: the percentage of urbanized land had risen
from 18% in 1980 to 36% in 2000 and the rate of urban-
ization for the next 20 years had been estimated to be
0.8%- 2.0% per annum (National Bureau of Statistics of
China, 2003). Meanwhile, after more than 20 years' rapid
economic growth, some large cities, such as Shanghai,
are beginning to recognize the demands for "city regen-
eration" in the same way as happened in Europe during
the mid-1990s. One response to the pressure for regen-
eration has been the implementation of initiatives in-
volving river system planning and rebuilding for the pur-
poses of more safe water environment, ecosystem
restoration and biodiversity, and more natural space (XU
and ZHANG, 2001; CHEN, 1998).
To study the structure and functions of urban river
system under strong human modification is for providing
guidance for those charged with managing the river sys-
tem in the continued rapid urbanization process. It is a
new challenge because we need not only to transfer our
attention to those watersheds that have been extremely
modified by urbanization but also new techniques for an-
alyzing urbanized river systems. In this paper, taking
some indicators commonly used for characterizing river
networks, such as fractal dimension, bifurcation and
stream lengths ratio, and Horton's laws as reference, in-

tegrated with three specially designed indicators, we in-
troduced a novel system including new stream order
classification and new catchment's division for plain riv-
er system that were more closely related to river manage-
ment. Therefore, it is possible to gain an insight into the
structure and functions of a river system under huge hu-
man disturbance. Such insights are beneficial in recog-
nizing the changes that have taken place, understanding
the effects of the changes on the river system and main-
taining reasonable structure and functions of river sys-
tem in the future.

2 STUDYAREA

Shanghai, located in the Changjiang River Delta, is a
typical tidal area with a high density of rivers in the east-
ern China and one of the largest cities in China, with a
total population of 16×106 and a total area of 6340km2.
The urbanization level was 77.6% in 2003 but only
58.7% in 1978. The area within the outer cycle lines was
commonly recognized as central urban area. The catch-
ment with more than 50% of its area in central urban area
was defined as high-urbanized catchment (Fig. 1).

According to the investigation of the Shanghai Water
Resources Survey conducted by ShanghaiWater Author-

Fig. 1 Catchment distribution in Shanghai
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a: 1950, b: 1979, c: 2003; Area of study region: 191.3km2

Fig. 2 River system change in central area of Shanghai

ity in 2000, therewere 23 787 rivers in Shanghai, the river
density was 3.41km/km2, and water area covered 8.41%
of thewhole city (WANGandRUAN, 2001). This is not a
static position and the results estimated by this paper is
based on the "Shanghai Central City River System GIS"
finished by Shanghai Drainage Company and East China
Normal University (Fig. 2). It is shown that the stream
length and water area in the center of Shanghai City have
decreased by 60% and 27% respectively from the 1950s
to the late 1990s (Table 1). Importantly the rate of reduc-
tion of stream length and water area was accelerating.
Having recognized such trends, so the aim of this re-
searchwas to demonstrate clearly the impact of urbaniza-
tion on the river system in Shanghai.
Due to the flat terrain and tidal influence, the rivers
flow slowly mainly from west to east and flow direction
changes twice each day. The complex hydrological
regime combined with anfractuous channel networks
made it difficult to study and manage river systems prop-
erly. In 1977, 14 catchments covering 97% of the total
area of Shanghai were planned by Shanghai Water Au-
thority in order to meet city's basic demands for flood
proofing and irrigation. Each catchment was taken as in-
dependent drainage basin. At the same time, a stream
classification system that considered both the natural
channel relations and the roles of steam within river sys-
tem, namely city level, district level, town level and vil-
lage level streams were designed as a tool for river plan-
ning, management and protection (WANG and RUAN,
2001) (Table 2 and Fig. 1).

3 DATAANDMETHODS

The research reported here focused on 11 mainland
catchments of the 14 ones in Shanghai except for three
island catchments. In order to analyze the impact of ur-
banization on structure and functions of river system in
Shanghai, the 11 catchments were divided into three
groups (high, middle and low) according to the degree of
urbanization (Table 2). Because those catchments under
the low urbanization kept their original state well, this
paper set such catchments as basement for understanding
the impacts of urbanization on river system. The hierar-
chical classification system designed by Shanghai Water
Authority in the 1970s, which divided streams into city,
district, town and village levels, was adopted in this pa-
per. Horton's hierarchical classification system was used
as a reference. Streams in the village level were defined
as first order, and ones in the town level, the district level
and the city level as the second, third and fourth orders
respectively. Thus we have a criterion to describe the

structure of river system after urbanization.
Data on the Shanghai river system, i.e. stream number,
stream lengths in each level, the ratio of water area to the
total area of Shanghai and riverbank type, derived from
the "Shanghai Water Resources Survey Report"
(WANG and RUAN, 2001), the "Shanghai river survey
report" finished by Shanghai River and Watergate Man-
agement Office in 2001, the "Shanghai Riverbank Sur-
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Table 1 Change of stream structure in central area of
Shanghai since the 1950s①

Stream length
(km)

1950s③

1960s③

1979
1984
1989
1994
1999

440.8
403.1
332.5
281.9
279.9
278.3
175.4

10.58
10.04
9.40
8.86
8.79
8.76
7.72

41.66
40.15
35.37
31.82
31.84
31.77
22.72

-
0.96
0.80
0.90
1.00
0.99
0.72

Notes:① Area of study region: 191.3 km2; ② Stability of the
river system, Rs= (Li+n/WAi+n)/(Li/WAi) , Li+n, WAi+n and Li, WAi
are the total stream length and total water area in year i+1 and
year i; ③ Because there had not enough materials that cov-
ered the whole research area in one year, the data in the 1950s
and 1960s were the combination based on materials in partial
area and different year.

vey Report in Central City A rea" finished by Shanghai
River and Watergate Management Office in 2002
(Table 3 and Table 4).
Following indicators were used to describe the river

system in Shanghai. The mean bifurcation ratio (MRb)
was calculated as:

MRb=10│K│ (1)
where Kn is the slope of line x-lgNx (x is abscissa), Nx is
the number of streams in order x; x indicates the num-
ber of stream order in a catchment. A high value of MRb
indicates that there are more branches in the river sys-
tem. Generally, the value of MRb in natural watershed is
3.0- 5.0.
The mean stream length ratio (MRL) was calculated
with following equation:

MRL=10│K│ (2)
where KL is the slope of line x-lgLx (x is abscissa), Lx is
the average stream length in order x; x indicates the
number of stream order in a catchment. A high value of
MRL indicates that branches are longer in the higher or-
der stream. The value of MRL in natural watershed is
1.5- 3.5.
The fractal dimension (D) is an indicator describing
the spatial distribution of the river system in a catch-
ment. It is calculated as:

D=lgMRb/lgMRL (3)
Generally, the value of D in natural watershed is 1- 2.
A larger value indicates that the river network is well
developed in the whole watershed area.
Other indicators used are water area under average
water level (Wp); total stream lengths in area of 1km2

(RD); river channel storage reflecting the quantity of wa-
ter resources (CS); and adjustable river channel storage
reflecting the ability for flood control (ACS).
As mentioned above, the indicators and their normal
range were more credible for natural river system. From
Table 3, the values of some indicators were found to be
outside their normal range. This is most likely explained
by both the complex hydrological regime and the effects
of urbanization that had greatly modified the river sys-
tem in Shanghai. Therefore, three new indicators were

Water area
(km2)

Stream length/
Water area

RS②

Table 2 Physical feature of 14 catchments in Shanghai

Stream
number

High-urbanized
catchment

Mid-urbanized
catchment

Low-urbanized
catchment

Island catchment

Yunnan
Dianbei

North Jiabao
Diannan

Pudong
Qingsong
East Punan
West Punan
Taibei
Tainan
Shangta

Chongming
Changxing
Hengsha

816
680

3866
901

10882
2098
1573
909
308
266
76

1119
138
141

593
412

3275
600

7259
2622
2007
1150
269
283
81

2027
208
193

173
179

699
187

1977
758
479
293
85
100
32

1070
77
49

Stream length
(km)

Area
(km2)

Table 3 Collection of stream structure and function indicators of 11 catchments of Shanghai

Yunnan
Dianbei
Diannan
North Jiabao
Pudong
Qingsong
East Punan
West Punan
Taibei
Tainan
Shangta

3.03
3.63
4.34
4.98
5.25
5.53
4.12
4.96
11.35
3.96
10.70

3.42
2.30
3.21
4.69
4.22
3.46
4.19
3.92
3.16
2.83
2.50

1.05
2.51
5.48
5.96
5.69
5.27
5.72
4.41
4.64
3.78
8.00

2.72
3.39
4.47
3.32
3.31
2.91
2.76
2.40
2.31
2.42
2.56

0.05
0.76
1.14
1.49
1.45
1.56
1.72
1.69
1.83
1.50
2.21

0.89
2.77
3.44
4.75
7.03
9.31
4.71
9.61
20.80
5.93
17.59

1.37
3.27
4.36
6.53
5.38
8.90
5.97
6.75
19.11
5.37
13.82

4.36
7.05
7.80
16.46
17.18
17.21
23.46
18.44
19.60
19.50
41.90

Notes: WP, water area under average water level ; RD, total stream length in an area of 1km2; MRb, mean bifurcation ratio; MRL, mean stream
length ratio; D, fractal dimension; CS, river channel storage; ACS, adjustable river channel storage; Rc, complexity of the river system.

WP (%) RD (km/km2) MRb MRL D CS (m3/km2) ACS (m3/km2) Rc

Group Catchment

n

L
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designed to reflect the effects of urbanization on river
systems with the similar physical characteristics in
Shanghai. They were the complexity (Rc), naturalness
(Rn) and stability (Rs) of the river system.
Complexity of the river system (Rc) describes the
degree of branching and the development of branch
length. It is calculated with formula:

Rc=ωx×(L/Lm ) (x=1, 2, 3, ..., n) (4)
where ωx is the stream order number; x indicates the
number of stream order in a catchments; and Land Lm are
the total stream length and the main-stream length. The
larger the value of Rc, the higher the stream order and the
longer branches there are within the system.
Naturalness of the river system (Rn) reflects human
modification on river system and the ecological value of
the riverbank. It is assumed that a natural or ecological
bank has more biodiversity than heavily modified one,
and the natural channel substrate and bank may have
been replaced by concrete. It is calculated with equation:

Rn=LBn/LB (5)
where LBn is the length of natural and ecological
riverbank; and LB is the total length of riverbank. A
larger value of Rn indicates good protection of a
riverbank's ecological functions.
Stability of the river system Rs is calculated as follows:

Rs= (Li+n/WAi+n)/(Li /WAi) (6)
where Li+n, WAi+n and Li, WAi are the total stream length
and total water area in year i+n and year i, respectively.
Methods of correlation analysis was used to identify
relationships among the indicators.

4 RESULTSANDDISCUSSION

From Table 2, the area of high and middle urbanized
catchments only occupied 24.95% of the total area of the
11 mainland catchments; stream number and lengths in 7
low-urbanized catchments occupied 72.00% and 73.69%
of the total of 11 mainland catchments. The percentages
of stream number and lengths in 2 high-urbanized
catchments were only 6.69% and 5.42%. This meant that
the area of river system suffered from strong disturbance

in Shanghai was limited. On the other side, the values of
MRb, MRL and D in each catchment were varying, and
most of the data were larger than that in natural
watershed.
From the view of 11 mainland catchments, the values
of MRL in 10 catchments varied within 1.5 - 3.5, which
was coincident with the researches developed from
Horton's laws (Table 3). However, the values of MRb did
not correspond to the existing literature (ALLAN, 1995;
CARLOS and CASTILLO, 1996; GAO and YANG,
1994; GU, 1984; FENG and FENG, 1997; ZHOU,
1997). From Table 3, the reasonable values of MRb all
occurred in low-urbanized catchments (West Punan,
Taibei and Tainan), in the other 6 middle and low-
urbanized ones, the values of MRb were more than 5.
Only in two high-urbanized catchments, Yunnan and
Dianbei, were the values of MRb less than 3. These
results indicated that the impact of urbanization on MRb
was greater than that on MRL. Therefore, MRL was still a
useful indicator to reflect stream structure development
in urban areas and the aberrancy of MRb was effective to
show urbanization effect on river system.
The values of D in 8 catchments were 1- 2. The great
aberrancy of MRb, whatever low or high, could cause the
aberrancy of D. It is concluded that D, as an indicator
used to identify the impact of urbanization on river
system, is more effective when describing the extreme
situation, poorly and highly developed river system.
The values of Rc greatly varied in different catchments
(Table 3). The higher values were concentrated on the
low-urbanized catchments especially on the ones located
in the west and southwest part of Shanghai (Fig. 1),
which have been planned as protection zones of drinking
water resources since the 1970s. Industry was strictly
limited in that area, the urbanization level was lowest in
Shanghai and the river system was protected well. The
high and middle-urbanized catchments had the lower
values of Rc. Therefore, Rc seemed to be one of the most
effective indicators to reflect the impact of urbanization
on river system.
Rs is designed to express changes in the ratio of water
area to stream length. If water area is kept stable in a cer-
tain period, Rs will show the changing process of stream
structure. During the last 50 years, loss of water area was
much smaller than that of stream length (Table 1). This
has caused a significant change of stream structure in
Shanghai. The values of Rs manifested a rapid change
from 1994 to 1999, which coincided with a period of
large-scale urban construction in Shanghai.
Rn is used to measure the human effects on the river
system function as an ecological corridor. The values of

Table 4 Riverbank type in central area of Shanghai

River in city level
River in district level

Natural①

(%)
19.5
48.3

Ecological②

(%)
23.4
24.0

Concreted ③

(%)
57.1
27.7

Rn④

0.43
0.72

Notes: ① Riverbank formed by natural actions. ② Ecological
riverbank rebuilt by human being. ③ Concreted riverbank that
stopped the exchange between river and surroundings.④ Natural-
ness of the river system. Rn=LBn/LB, LBn is the length of natural
and ecological riverbank and LB is the total length of riverbank

106



Impact of Urbanization on Structure and Function of River System

Rn in the district level were larger than that in the city
level (Table 4). A large value for Rn could result from
one of two situations: where the river system was still in
its original state or where the river channel had experi-
enced a process of eco-reconstruction. A smaller value
for Rn, therefore, reflects the destruction of natural river-
banks and indicates bad quality of stream structure.
It is possible to identify three major effects of urban-
ization on the river system in Shanghai. Firstly, smaller
branches have been engineered out of the system and this
had resulted in a relatively simple stream structure. From
the Shanghai Central City River System GIS and 2003
remote sens ing photos of the whole Shanghai, obvious
changes on river system can be observed in central
Shanghai in 1950, 1979 and 2003 (Fig. 2). Especially
from 1979 to 2003, quite a lot of rivers were disappeared
and the typical network characteristic of river system in
central Shanghai was fully changed. Secondly, the origi-
nal river geomorphology has been extensively modified
following the demand for flood control. As a result of the
rapid urban development, only the river section with the
maximum flow remained in existence and this had re-
sulted, directly, in decrease of diversity of river style.
Thirdly, the riverbank and riverbed were canalized and
their banks were concreted, especially in the urban area.
Based on the site survey, 57% of the rivers in the city lev-
el and 28% in the district level were concreted whereas
the percentage of natural riverbank in district level was
much greater than that in city level (Table 4). The more
important the rivers for city were, the stronger the im-
pacts of human activities were. The results of such civil
engineering showed in two aspects: the destruction of the

riverside ecology and the weakness of the river function
as a "media" and "pathway" of the urban ecosystem.
Correlation analysis was used to find the interrelations
among the indicators. The results were listed in Table 5.
Wp was most significantly correlated with ACS, Rc, al-
so correlated with CS and D (Table 5). It indicated that
Wp was the most important indicator both for city water
safety and stream structure development. It is necessary
to have sufficient water area to ensure a well-developed
stream structure and enough storage for flood preven-
tion. Hence, with respect to the process of urban regener-
ation and ecosystem restoration, more attention need to
be paid to this indicator than to the others.
ACS was correlated with Rc on the 0.001 significant
level, correlated with D on the 0.01 significant level. CS
was correlated with D on the 0.001 significant level, cor-
related with MRb on the 0.01 significant level and Rc on
the 0.05 significant level. This identified the close rela-
tionship between stream structure and function. Bigger
values of Wp and Rc all occurred in the Taibei and
Shangta (Table 3). Therefore, a well-developed stream
structure is as important as Wp in keeping the mul-
ti-functions of river system.
Rc was significantly correlated with Wp and D. Dwas
significantly correlated with MRb, Rc and Wp. It showed
that water area and hierarchically development of stream
number were two factors that affected the structure of
river system.

5 CONCLUSIONS

Natural laws and physical characteristics deeply affect

Table 5 Correlation coefficient between indicator and is significant level

Wp RD MRb MRL D CS ACS Rc

Wp
RD
MRb
MRL
D
CS
ACS
Rc

1
0.2534
0.5478
0.3824
0.6674*

0.6832*

0.9661***

0.9612***

1
0.2040
0.0752
0.0933
0.0919
0.2285
0.1729

1
0.0900
0.8516***

0.7791**

0.5087
0.5080

1
0.3226
0.4759
0.5163
0.4523

1
0.8507***

0.7344**

0.7172**

1
0.6936*

0.6307*
1
0.9716*** 1

Notes: *** The correlation between two indicators was significant on the P=0.001 level; ** The correlation between two indicators
was significant on the P=0.01 level; * The correlation between two indicators was significant on the P=0.05 level

ed the stream growth in Shanghai. However, urbaniza
tion had exhibited its effects on river system especially
in central city. There had obvious positive relation be-
tween the degree of urbanization and abnormal indica-
tors values. The values of MRb, MRL and D of three
low-urbanized catchments were all normal. The values

of MRb and D of only two high-urbanized catchments
were below the normal. The effects of urbanization on
river system growth resulted in the disappearance of
branches, the serious destruction of the original style of
the river geomorphology and the concreting of river
banks and beds.
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The indicators had showed their distinct sensitivity to
urbanization. MRL was still a useful indicator to reflect
stream structure development in urban areas and abnor-
mal MRb was effective to show urbanization effect on
river system. D is more effective to describe the ex-
treme situation, poorly and highly developed river sys-
tem. Specially designed indicators Rc, Rn and Rs were
proved to be feasible for explaining the impact of ur-
banization on river system. The next step is to identify
the value and functions of three indicators by using
more data from various urban areas.
The results of correlation analysis demonstrated that
both the quantity of water area and the stream structure
represented by D, Rc, and MRb decided the ability of
flood-proofing and flood absorption. Wp was the prere-
quisite to discuss reasonable stream structure and well-
development stream structure ensured the multi-func-
tions of river system.

REFERENCES

ALLAN J D, 1995. Stream Ecology: Structure and Function of
Running Water [M]. Oxford: Chapman & Hall, 25- 70.
CARLOS E P, CASTILLO P A, 1996: On the fractal structure of
networks and dividers within a watershed [J]. Journal of Hy-
drology, 187: 173- 181.
CHEN Tie, 1998. The comprehensive treatment of river system in
central Beijing City [J]. Beijing Irrigation, (4): 12- 16. (in Chi-
nese)
CHEN Yan-guang, LIU Ji-sheng, 2001. Fractal dimension of
stream structure—Horton's laws model rebuilt and its coeffi-
cient analysis [J]. Advances in Earth Science, 16 (2): 178-
183. (in Chinese)
FENG Ping, FENG Yan, 1997.The fractal dimension calculation
in analysis river regime [J]. Acta Geographica Sinica, 52(4):
325- 330. (in Chinese)
GAO Hua-duan, YANG Shi-yi, 1994. Stream structure analysis
in Wujiang Basin [J]. The Journal of Guizhou Agriculture Col-
lege,(1):104- 114. (in Chinese)
GRAVE A, DAVY P, 1997. Scaling relationships of channel net-
works at large scales: examples from two large-magnitude wa-
tersheds in Brittany [J]. France Tectonophysics, 269(1- 2): 91-
111.
GU Wei-zhu, 1984. The Basis of Hydrology [M]. Changsha: Chi-
na Waterpower Press, 132- 143. (in Chinese)
ISIDORI M, LAVORGNA M, NARDELLI A et al., 2004. Inte-
grated environmental assessment of Volturno River in South I-
taly [J]. Science of the Total Environment, 327: 123- 134.

KIRCHNER J W (Translator: WANG X H), 1994. The necessity
of Horton's laws and the random distribution of river system
[J]. World Geography, 13(4): 107- 111. (in Chinese)
LA BARBERA P, ROSSO R, 1989. Fractal dimension of stream
networks [J]. Water Resources Research, 25(4): 735- 741.
LUO Wen-feng, 1998. Horton's laws and the description of river
branching [J]. The Progress of Water Science, 9(2): 118- 123.
(in Chinese)
National Bureau of Statistics of China. 2003: The percentage of
urbanization will go on raising [R/OL]. http://www.stats.gov.
cn/tjfx/zt fx/jwxlfxbg/200205300093.htm. Oct. 15, 2003. (in
Chinese)
PUENTE C E, CASTILLO P A, 1996. On the fractal structure of
networks and dividers within a watershed [J]. Journal of Hy-
drology, 187(1-2): 173- 181.
ROSSO R, BACCHI B, LA BARBERA P, 1991. Fractal relation
of mainstream length to catchment area in river networks [J].
Water Resources Research, 27(3): 381- 387.
ROTH G, LA BARBERA P, GRECO M, 1996. On the descrip-
tion of the basin effective drain structure [J]. Journal of Hy-
drology, 187( 1- 2) :119- 135.
SEAR D A, NEWSON M D, 2003. Environmental change in riv-
er channels: a neglected element. Towards geomorphologic ty-
pologies, standards and monitoring [J]. The Science of the
Total Environment, 310: 17- 23.
SURIAN N, RINALDI M, 2003. Morphological response to river
engineering and management in alluvial channel in Italy [J].
Geomorphology, 50: 307- 326.
TARBOTON D G, 1996. Fractal river networks, Horton's laws
and Tokunaga cyclicity [J]. Journal of Hydrology, 187 (1- 2):
105- 117.
VELTRI M, VELTR P, MAIOLA M, 1996 . On the fractal de-
scription of natural channel networks [J]. Journal of Hydrolo-
gy, 187( 1- 2) : 137- 144.
WANG Fu-quan, 2002. The fractal description and self-organiza-
tion of river system and its physical mechanism [J]. Progress
in Water Science, 13(3): 368- 376. (in Chinese)
WANG Song-nian, RUAN Ren-liang, 2001. Shanghai Water Re-
sources Survey Report [M]. Shanghai: Shanghai Science and
Technology Press. (in Chinese)
XU Xin, ZHANG Hu, 2001. River system treatment in the pro-
cess of urban construction [J]. People's Zhu River, (1): 11- 12.
(in Chinese)
ZANDBERGEN A, 1998. Urban watershed ecological risk as-
sessment using GIS: a case study of the Burnette River water-
shed in British Columbia, Canada [J]. Journal of Hazardous
Materials, 61:163- 173.
ZHOU Jia-wei, 1997. Stream structure analysis in Beipan river
basin [J]. Guizhou Forest Technology, 25(1): 42- 49. (in Chi-
nese)

108


