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Abstract: The quantitative research of wetland landscape fragmentation in the middle reaches of the Heihe River is 
important for the wetland and oasis sustainable development in the Hexi Corridor. Based on the data of remote 
sensing and GIS, we constructed the type change tracker model with sliding window technique and spatially mor-
phological rule. The suitable scale and optimum scale of the fragmentation model of wetland landscape in the middle 
reaches of the Heihe River were determined by the area frequency statistics method, Chi-square distribution normal-
ized scale variance, fractal dimension and diversity index. By integrating type change tracker model and the optimum 
scale with GIS spatial analysis, the spatial distribution characteristics of wetland landscape fragmentation in different 
periods and the related spatial-temporal change process were clarified. The results showed that (1) the type change 
tracker model, which analyzes the spatial pattern of wetland fragmentation on the pixel level, is better than the tradi-
tional wetland fragmentation analysis on the landscape and patch levels; (2) The suitable scale for the wetland frag-
mentation ranged from 150 m×150 m to 450 m×450 m and the optimum scale was 250 m×250 m in the middle 
reaches of the Heihe River; and (3) In the past 35 years, the total wetland area decreased by 23.2% and the frag-
mentation of wetland markedly increased in the middle reaches of the Heihe River. The areas of core wetlands re-
duced by 12.8% and the areas of perforated, edge and patch wetlands increased by 0.8%, 3.1% and 8.9%, respec-
tively. The process of wetland fragmentation in the research region showed the order of core wetland, perforated or 
edge wetland, patch wetland or non-wetland. The results of this study would provide a reference for the protection, 
utilization and restoration of limited wetland resources and for the sustainable development of the regional 
eco-environment in the Heihe River Basin. 
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As a main body of the terrestrial ecosystem, wetland 
is one of the most biologically productive natural 
ecosystems on Earth (Nabahungu and Visser, 2011; 
van Roon, 2012). About 6% of the world’s land sur-
face was wetland which contributes up to 40% of the 
annual global ecosystem services (Costanza et al., 
1997; Desta et al., 2012; Mereta et al., 2012). A wide 
variety of ecological functions such as nutrient cycling 
(Young et al., 2008), carbon storage (Mitsch et al., 
2013), flood reduction (Zedler and Kercher, 2005) and 

habitat provision for wildlife (Lee et al., 2004) were 
performed by wetlands. Moreover, it is important in 
ensuring water supply, food security and livelihoods 
for millions of people living in developing countries 
(Teferi et al., 2010; Mereta et al., 2012). Due to con-
siderable loss and significant fragmentation of wet-
lands over time, the decrease of biodiversity and the 
degradation of wetland ecosystem became more evi-
dent (Jenkins et al., 2012). Thus, quantifying wetland 
degradation has become a global research focus (Yang  
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et al., 2010; Song et al., 2011). 
Ecological indicators have primarily been used to 

detect changes in nature in the past decades (Niemi 
and McDonald, 2004). Then the wetland condition 
model depending on plant-animal survey, water 
chemistry and soil property analysis was developed to 
detect the wetland degradation (Miller and Wardrop, 
2006; Vorpahl et al., 2009; Deimeke et al., 2013). 
However, the sampling and test experiment for an 
extensive wetland degradation can be extremely 
time-consuming and expensive (Martínez-López et al., 
2014). Researchers built time serial wetland data for 
detecting the degradation of regional wetlands in an 
effective manner (Nielsen et al., 2008). The dynamic 
degree model and centroid model were established to 
analyze the wetland change (Yue et al., 2003; Zhao et 
al., 2009; Wen et al., 2011; Zhang et al., 2011), but 
these methods applied the vector algorithm and failed 
to combine raster data effectively. Most of the land-
scape pattern indices also lack spatial information and 
fragmentation process (Wang et al., 2011; Jiang et al., 
2013). Additionally, Cellular Automata (CA) model 
can’t describe the fragmentation between different 
wetland fragmentation types (Zhang et al., 2009). The 
sliding window technique was first applied in the land-
scape fragmentation analysis by Riitters et al. (2000). 
Then extensive studies have been carried out in forest 
fragmentation on the country and global scales (Riitters 
et al., 2002; Wade et al., 2003; Li et al., 2011), and the 
method displayed advantage relative to traditional land-
scape index (Vogt et al., 2007). However, the fragmenta-
tion research of wetland landscape using sliding window 
technique has seldom been reported so far, and didn’t 
focus on the suitable and optimum scale for the models. 

Riparian wetland in arid region is particularly im-
portant for the oasis ecosystems (Zhou et al., 2006). 
The health of wetland in the middle reaches of the 
Heihe River is important for the biodiversity conserva-
tion and oasis development in the Hexi Corridor. Most 
previous studies in the Heihe River mainly focused on 
water resources exploitation, relationships between lo-
cal economic development and water resource man-
agement, and ecological consequences of water re-
sources over-exploitation (Fang et al., 2007; Wang et 
al., 2007; Zhu et al., 2008). The patterns and fragmen-
tation of riparian wetlands using the method of land-

scape pattern index have been reported in the Heihe 
River Basin (Li and Zhao, 2010; Jiang et al., 2013). 
However, the spatial and quantitative characteristics of 
the fragmentation process in the region were not clear. 
Thus, our aims are to (1) construct the fragmentation 
model based on the sliding window technique, spatially 
morphological rule and GIS tool; (2) determine the 
suitable scale and optimum scale of the fragmentation 
model of wetland landscape in the middle reaches of the 
Heihe River; and (3) clarify the spatial distribution 
characteristics and temporal dynamics of wetland 
fragmentation. 

1  Materials and methods 

1.1  Study area 

The Heihe River originates from the Qilian Mountains, 

flows through the Hexi Corridor of Gansu province 

and enters into the western part of the Inner Mongolia 

Plateau. It is the second largest inland river basin in Chi-

na with an area of 1.16×105 km2. The main stream length 

is 821 km with a mean runoff of 28×109 m3/a (Chen et 

al., 2005). The location of the middle reaches of the 

Heihe River is between 96°42′–102°00′E and 

37°41′–42°42′N. The average annual precipitation is 

100–350 mm, average annual evaporation 1,600– 

2,400 mm, annual mean temperature 3.4ºC–8.0ºC, 

annual sunshine duration 2,700–3,200 h and annual 

global radiation 133.36–148.42 MJ/m2 (Zhao et al., 

2005). Zonal soil types in the area include gray-brown 

desert soil and gray desert soil. The vegetation is 

temperate dwarf shrub and sub-shrub. 

In the region, there are some important events (as 

time nodes) during the research period. In 1987, the 

implementation of constructing of commodity grain 

base in the Hexi Corridor (1988–1992) promoted the 

agricultural development. The East Juyanhai Lake, a 

terminal lake of the Heihe River, dried up since 1992. 

At the same time, a water diversion project was put 

forward by the Sate Council. In 2001, the water from 

the Heihe River reached the East Juyanhai Lake dry-

ing up for ten years by trans-provincial water diversion. 

Therefore, we classified the study time as the following 

four periods according to the above time nodes, and 

they were 1975–1987, 1987–1992, 1992–2001 and 
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2001–2010, respectively. 

1.2  Data sources, image interpretation and field 
survey 

Landsat satellite data including Multispectral Scanner 

(MSS), Thematic Mapper (TM) and Enhanced The-

matic Mapper Plus (ETM+) across five time periods, 

with less than 10% cloud cover were selected for de-

tecting the land cover map. For avoiding the impacts 

of season, we selected the images from July to Octo-

ber (Table 1). Images were corrected for geometric 

distortion (Lasanta and Vicente-Serrano, 2012), in the 

ERDAS IMAGINE 9.2. The MSS and TM data were 

geometrically rectified by selecting ground control 

points and projected into Krasovsky_1940 coordinates. 

For reducing the error caused by different resolution, 

we resampled MSS images to a 30 m×30 m pixel size 

using the cubic convolution algorithm. The root mean 

square error (RMSE) among the control points selected 

on the ground was less than 1 m and that the final 

geometric matching error among these images was 
within one pixel through visual examination. 

We classified the landscape types as six categories 

based on the land-use classification system (Shalaby, 

2007), including grassland, arable land, forest, wet-

land, construction land and bare land. The interpreta-

tion depends on the color composites (Wilson and 

Sader, 2002). It was necessary to test the TM inter-

pretation precision with the field survey data for de-

termining the accuracy of visual interpretation. 

For assisting the interpretation, we sampled 77 field 

survey plots along the river course using GPS, and 

sampled 85 accuracy assessment plots in the study 

area through Google Earth in the summer of 2011 (Fig. 

1). The vegetation cover, groundwater and soil prop-

erty were surveyed for testing the accuracy of the in-

terpretation. According to the field work, topographic 

maps and Google Earth data, the interpretation preci-

sions were respectively 77.67% (1975), 80.74% 

 
Table 1  Data sources for landscape information of the study area 

Year  Data source  Path/Raw times (dd-mm-yy) 

1975 MSS 143/33, 07-10-1975; 145/32, 09-10-1975; 144/33, 04-07-1976 

1987 TM 133/33, 15-08-1987; 134/33, 09-10-1987; 134/32, 28-09-1989 

1992 TM 133/33, 05-09-1992; 134/33, 27-08-1992; 134/32, 02-09-1991 

2001 ETM 133/33, 07-07-1999; 134/33, 03-07-2001; 134/32, 20-08-2001 

2010 ETM 133/33, 14-08-2010; 134/33, 05-08-2010; 134/32, 21-08-2010 

 

 
Fig. 1  Location of the study area in the Heihe River basin 
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(1987), 77.92% (1992), 80.57% (2001) and 81.18% 
(2010) by the positional accuracy evaluation. 

1.3  Methods 

1.3.1  Building the binary wetland map 

A raster land-cover map with 50 m pixel size was con-
verted from the land-cover vector data which were col-
lected from satellite images. The land-cover type was ag-
gregated to focus on the pattern of wetland versus 
non-wetland. 

1.3.2  Type change tracker model 

The purpose of the type change tracker model is to 
generate a map that would allow a user to visualize 
and quantify the extent of wetland fragmentation and 
track the change in fragmentation over time. The 
model was developed from the sliding window tech-
nique and spatially morphological rule in the forest 
fragmentation models developed by Riitters et al. 
(2000) and Vogt et al. (2007). The model used a slid-
ing-window algorithm with overlapping windows to 
calculate two metrics and store them at the location 

of the center pixel. The two metrics were used to clas-

sify the wetland fragmentation type for every grid 

(Table 2). In Table 2, Pw is the percentage of wetland 

pixels within the algorithm window; Pww is calculated 

by the number of grid cell pairs where both grid cells 

were divided by the total number of wetland grid cell 

pairs that have at least one wetland grid cell. A higher 

connectivity between wetland grids cells was indi-

cated by high Pww values. The identification of the 

four fragmentation types depending on the values of 

Pw and Pww was shown in Table 2. Meanwhile, the 

spatially morphological characteristics of four types of 

wetland fragmentation were shown in Fig. 2. 
 

 
 

Fig. 2  Illustration of four types of wetland fragmentation 

 
Table 2  Definition of wetland fragmentation types 

Fragmentation type Fragmentation characteristic Fragmentation degree Metric 

Core wetland All pixels within the analysis window are wetland Wetland fragmentation did not occur Pw=Pww=1

Edge wetland 
Most of the pixels within the analysis window are wetland, but 
some appear to be part of the outside edge of wetland 

Wetland fragmentation occurred but 
not serious 

Pw>0.6 and 
Pw–Pww <0

Perforated wetland 
Most of the pixels within the analysis window are wetland, but 
some appear to be part of the inside edge of a wetland patch 

Wetland fragmentation occurred but 
not serious 

Pw>0.6 and 
Pw– Pww>0

Patch wetland 
Very few wetland pixels that are part of a wetland patch on a 
non-wetland background 

A serious wetland fragmentation 
occurred 

Pw≤0.6 

Note: , the metrics were cited from the references of Riitters et al. (2000) and Vogt et al. (2007). 

 

1.3.3  Scale  

Owing to the strip distribution of inland river wetland 
that is different from the vast tracts for forest, it is 
important to minimize the edge effect and determine 
the suitable scale and optimum scale for wetland 
fragmentation research using the type change tracker 
model. The traditional normalized scale variance 
analysis is inefficient for inland river wetland due to 
the strip distribution. Thus, the possible suitable scale 
is determined by the analysis of area frequency and 
area-weighted mean patch fractal dimension 
(AWMPFD). We calculated the normalized scale vari-
ance based on chi-square distribution (Chi-NSV) and 
the credibility to ascertain the suitable scale. We choose 
the optimum scale basing on the result of sensitive 

analysis of Chi-NSV and Shannon’s Diversity Index.  
(1) Area-weighted mean patch fractal dimension 

(AWMPFD) 
The fractal dimension usually describes the com-

plexity and the fragmentation of a patch by a perime-
ter area proportion, which has been widely used in 
geomorphology, hydrology, ecology and other spatial 
pattern analysis. The fractal dimension values range 
between 1 and 2. The more complex and fragmented, 
the perimeter increases, a higher fractal dimension 
yields (Herold et al., 2002). The area-weighted mean 
patch fractal dimension (AWMPFD) was calculated to 
find a particular scale domain which can help us to 
find the self-similarity in this scale domain (Zhao et 
al., 2009). AWMPFD can be calculated by the fol-
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lowing equation: 
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Where m is the number of patch types (classes), n is 
the number of patches of a class, pij is the perimeter of 
patch ij, aij is the area of patch ij, A is total landscape 
area. 

(2) Normalized scale variance based on Chi-square 
distribution (Chi-NSV) 

The scale variance analysis was first developed by 
Moellering and Tobler (1972). Generally, the scale 
variance is a spatial hierarchical method, which is 
similar to semi-variance and spatial autocorrelation 
analysis. Nested data hierarchies (spatial grain sizes 
increase with 2n of 22n, n= 0, 1, 2…) were required in 
the scale variance analysis (Townshend and Justice, 
1990). The quantity was inconformity to the nested 
data hierarchies. We developed a new normalized 
scale variance based on the Chi-square distribution to 
calculate the scale variance (Shen et al., 2008; Zhao et 
al., 2009). This scale variance analysis was named 
Chi-NSV which can be calculated by the following 
equation: 
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Where j is the Chi-NSV value of type j wetland, Sj

2 is 
the variance of type j wetland, j=1, 2, 3, 4 represented 
core wetland, perforated wetland, edge wetland and 

patch wetland, nj is the number of type j wetland, 2 is 
the variance of all wetland patch, Yi is the area of 
patch i, m is the number of wetland patch, Xij is the 
area of patch ij, E(Xj) is the mathematical expectation 

of type j wetland. j obeys the Chi-square distribution 
and it is monotonic decreasing function in the domain 
if the degrees of freedom k≤2. It suggests that the 
suitable scale does not appear in the pixel of 50 m. 
Otherwise, the function shows right skewed and the 
maximum value is the suitable scale. The Chi-NSV 
value was normalized, indicating the result better. 

(3) The credibility for suitable scale 

The credibility for a suitable scale is one of the im-
portant indices to test the rightness. It was the interval 
probability for the suitable scale which can be calcu-
lated by the following equation (Shen at al., 2008): 
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Where P(a≤x≤b) is the credibility of the suitable scale 
(a×a–b×b). f(x) is the function of Chi-NSV for dif-
ferent wetland types. 

(4) Shannon’s diversity index (H) 
The diversity index was developed to measure the 

complexity of system structure. Shannon-Weaver di-
versity index was used to detect the optimum scale for 
the type change tracker model. The index value was 
related to the number and evenness degree in quantity 
of different types (Wu et al., 2002). 

1

ln( )
n

k k
k

H p p


  .            (6) 

Where pk is the proportion of the kth wetland area to the 
total wetland area, and n is the number of wetland types. 

2  Results 

2.1  The suitable scale and optimum scale 

Area frequency of different wetlands fragmentation 

types under different scales in the middle reaches of 

the Heihe River in 2010 was shown in Fig. 3. With the 

increasing windows scale, the area of core and perfo-

rated wetlands decreased, and that of the patch wet-

lands increased. For the edge wetland the largest area 

frequency appeared in the scale of 5×5 pixels. The 

core wetland disappeared when the windows scale is 

larger than 25×25 pixels. The suitable scale of the 

type change tracker model should be smaller than 

25×25 pixels. The anomaly of AWMPFD was shown 

in Fig. 4. The scale domain for the AWMPFD was 

between 3×3 pixels and 25×25 pixels. The possible 

suitable sale for the type change tracker model ranges 

from 3×3 pixels to 25× 25 pixels. 

The distribution of Chi-NSV is right-skewed, which 

means that the suitable scale exists (Fig. 5). The suitable
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Fig. 3  Area frequency of different wetlands fragmentation types under different scales in the middle reaches of the Heihe River 

 

 
 

Fig. 4  The anomaly of area-weighted mean patch fractal dimension 

 
scale was selected in the pixel of 50 m. It is possible 
that the suitable scale is a threshold (an inflection point) 
or a scale domain. Chi-NSV value showed that inflec-
tion points for core wetland and perforated wetlands 
were 3×3 pixels. The scales of 5×5 pixels and 9×9 pix-
els were the inflection points for edge wetlands and 
patch wetlands, respectively. The suitable scale for the 
type change tracker model ranged from 3×3 pixels to 
9×9 pixels. 

The credibility of suitable scales was displayed as 
credibility value. The interpretation of credibility val-
ues in mathematical statistics is: credibility val-
ues=100%, perfect; credibility values≥75%, excellent; 
40%≤credibility values≤75%, fair to good; credibility 
values≤40%, poor (Pontius, 2002; Fleiss et al., 2003). 
The credibility values for core, perforated and edge 
wetlands ranged from 57.1% to 85.4%. The poor 
credibility (22.1%) for patch wetland may be related 
to its special data hierarchy. 

The sensitivity of Chi-NSV value decreased with 
the increasing scale (Fig. 6). When the window scale 
increased from 3×3 pixels to 5×5 pixels and from 5×5 

pixels to 7×7 pixels, the Chi-NSV sensitivity changed 
fast except for the patch wetland. Meanwhile, the 
Shannon diversity index (H) was largest at the 5×5 
pixels scale (Table 3). Combing Chi-NSV sensitivity 
analysis with H index, 5×5 pixels should be the opti-
mum window scale. 

2.2  Wetland fragmentation in the middle reaches 
of the Heihe River 

2.2.1  The area changes of different wetland frag-
mentation types 

The wetland area in the middle reaches of the Heihe 
River reduced by 7,570 hm2 between 1975 and 2010 
(Table 4). The area change experienced a process of 
rapid decline–slow increase–slow decrease–fast de-
cline in the research period. The decreased rate of 
wetland area was 404 hm2/a during 1975–1987, 93 
hm2/a during 1987–1992, 57 hm2/a during 1992–2001 
and 297 hm2/a during 2001–2010.  

Among the four fragmentation types, the percentage 
of edge wetland was the greatest, 36.9% to 40.5% 
during the period of 1975–2010, 24.4% to 33.2% for 
patch wetland, 31.5% to 18.8% for core wetland and 
smallest for perforated wetland (around 8%) (Table 4). 
The area of core wetland changed most sharply be-
tween 1975 and 2010, reducing by 12.7%. 

The decrease of core wetland area mainly occurred 
in the periods of 1975 to 1987 and 2001 to 2010, with 
slow increase of 256 hm2 from 1987 to 2001. The area 
of edge and perforated wetlands respectively de-
creased 2,016 and 347 hm2, while the percentage of 
edge and perforated wetlands respectively increased 
by 3.1% and 0.8% between 1975 and 2010. Except for 
the period from 1987 to 1992, the area of edge wet-
land decreased continuously. The perforated wetland 
area decreased except for the period of 1992 to 2001. 
The patch wetland area increased 
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Fig. 5  Chi-NSV (Chi-square distribution normalized scale variance) value under different windows scales 
 

 
 

Fig. 6  The sensitivity analysis of Chi-NSV (Chi-square distribution normalized scale variance) 
 

Table 3  The Shannon’s diversity index (H) under different win-
dows scales 

Scale 
(Pixels) 

H 
Scale 

(Pixels) 
H 

Scale 
(Pixels) 

H 

1×1 0.0000 11×11 0.1289 21×21 0.1204

3×3 0.1396 13×13 0.1263 23×23 0.1193

5×5 0.1399 15×15 0.1241 25×25 0.1181

7×7 0.1355 17×17 0.1226 27×27 0.1172

9×9 0.1319 19×19 0.1214 - - 

 

by 376 hm2 and 8.9% between 1975 and 2010, with a 
continuous increase (741 hm2) from 1992 to 2010. 

2.2.2  The spatial changes of different wetland frag-
mentation types 

Table 5 showed the matrices of wetland fragmentation 
type transition in different periods, and the changed 
map was shown in Fig. 7. During the period of 
1975–1987, about 25.5% of core wetlands, 25.3% of 

perforated wetlands, 22.3% of edge wetlands and 
23.3% of patch wetlands were transformed into 
non-wetlands. Lots of core wetlands were converted to 
edge wetlands and perforated wetlands. Meanwhile, a 
certain number of perforated wetlands and edge wet-
lands changed to patch wetland. However, very little 
of non-wetlands was converted into core wetlands, 
perforated wetlands, edge wetlands and patch wet-
lands. The transformation trends among wetland 
fragmentation types and non-wetlands in the periods 
of 1987–1992, 1992–2001 and 2001–2010 were simi-
lar to that during 1975–1987. As a whole, larger areas 
of the core wetlands mainly transformed to 
non-wetlands and edge wetlands, a certain number of 
edge wetlands and perforated wetlands were trans-
formed to patch wetland, and quite a number of patch 
wetlands transformed to non-wetlands. 

 
Table 4  Areas of different wetlands fragmentation types in the middle reaches of the Heihe River 

Core wetland Perforated wetland Edge wetland Patch wetland 
Year 

Area (hm2) Percentage (%) Area (hm2) Percentage (%) Area (hm2) Percentage (%) Area (hm2) Percentage (%)

1975 10,297 31.5 2,363 7.2 12,034 36.9 7,950 24.4 

1987 7,105 25.6 2,180 7.8 10,780 38.8 7,734 27.8 

1992 7,209 25.5 2,017 7.1 11,451 40.5 7,585 26.8 

2001 7,361 26.5 2,043 7.4 10,717 38.6 7,626 27.5 

2010 4,714 18.8 2,016 8.0 10,017 40.0 8,326 33.2 
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Table 5  Transition matrix of different wetland fragmentation types in the middle reaches of the Heihe River 

Core wetland Perforated wetland Edge wetland Patch wetland Non-wetland 
Period Fragmentation type 

  (hm2)   

1975–1987 Core wetland 5,491 491 1,254 431 2,630 

 Perforated wetland 243 1,131 268 123 599 

 Edge wetland 575 269 7,939 567 2,684 

 Patch wetland 125 66 342 5,565 1,852 

 Non-wetland 672 223 979 1,048 1,039,822 

1987–1992 Core wetland 4,661 259 725 231 1,229 

 Perforated wetland 331 1,077 303 80 389 

 Edge wetland 792 245 7,926 394 1,424 

 Patch wetland 214 100 557 5,400 1,462 

 Non-wetland 1,211 335 1,940 1,481 1,042,620 

1992–2001 Core wetland 5,205 242 634 224 904 

 Perforated wetland 225 1,151 229 92 320 

 Edge wetland 615 241 8,259 580 1,757 

 Patch wetland 195 68 333 5,610 1,380 

 Non-wetland 1,122 342 1,261 1,121 1,043,279 

2001–2010 Core wetland 3,157 511 1,202 426 2,065 

 Perforated wetland 109 916 229 149 640 

 Edge wetland 282 216 7,052 730 2,436 

 Patch wetland 119 52 292 5,277 1,887 

 Non-wetland 1,047 320 1,244 1,743 1,043,286 
Note: Wetland fragmentation types listed horizontally in the table represent initial statuses and vertically listed wetland fragmentation types represent the sta-
tuses after transition. 

 

 
 

Fig. 7  Changes of derived wetland fragmentation in the middle reaches of the Heihe River based on an analysis window of the 5x5 
pixels (250 m×250 m)  
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3  Discussion 

3.1  The type change tracker model  

The type change tracker model performed well in the 

analysis of wetland fragmentation in the middle 

reaches of the Heihe River. The wetland fragmenta-

tion represented the conversion of two types, the con-

version between wetland and non-wetland and con-

version among wetland fragmentation types (that is, 

core wetland, perforated wetland, edge wetland and 

patch wetland). The wetland area in the middle 

reaches of the Heihe River reduced by 7,570 hm2 be-

tween 1975 and 2010. The edge wetland was the main 

fragmentation type, with increasing percentage of 

36.9% to 40.5% in the study periods. Patch wetland 

was in second (24.4%–33.2%). The area proportion of 

core wetland decreased from 31.5% to 18.8% and 

perforated wetland had the smallest area (around 8%). 

It indicates that the results from type change tracker 

model are more concrete and abundant in spatial in-

formation and fragmentation processes than that the 

traditional wetland fragmentation analysis. 

Most of the landscape pattern indices (e.g. Number 

of Patches, Proportion of Landscape and Largest Patch 

Index) are related with the geometric characteristics of 

patch, the specific fragmentation process could not be 

clarified in lack of clear space and position signifi-

cance (Wang et al., 2011; Jiang et al., 2013). The area 

change and rate of different wetland types can be de-

termined by the dynamic degree model, but it is inca-

pable to analyze the spatially fragmentation process. 

The centroid model used to detect the direction of 

wetland degradation (Yue et al., 2003; Zhao et al., 

2009; Zhang et al., 2011) also could not reveal the 

fragmentation in the wetland interior. The CA model 

could be used to simulate and forecast the changing 

process of wetland landscape pattern in the pixel level, 

but it is insufficient for land type in variable state and 

transformation among wetland types (Zhang et al., 

2009). The river wetland in arid region is susceptible 

to the influence of anthropogenic activity, flood and 

drought and results in the change of other wetland 

types along the river course, which is the main source 

of the error for CA model (Zheng et al., 2010).  

3.2  The suitable scale and optimum scale 

Scale effect was used in landscape pattern research 
(Montgomery and Dietrich, 1992), and is the basis for 
wetland fragmentation model. Scale variance is one of 
the methods of multi-scale analysis, and nested hier-
archies need to be characteristic of patches under dif-
ferent scales (Townshend and Justice, 1990). However, 
traditionally normalized scale variance analysis was 
inefficient due to the strip distribution of inland river 
wetland in arid region (Zhao et al., 2009). In the pre-
sent study, Chi-NSV was established to adapt the par-
ticular data hierarchy of wetland and accomplish the 
normalization of scale variance (Shen et al., 2008). 
Civco et al. (2002) used the scale of 150 m×150 m in 
the forest fragmentation research in Northeast Amer-
ica according to the size of smallest forest patch. The 
main wetland type of the study is river wetland and 
beaches wetland in the middle reaches of the Heihe 
River. With increasing windows size, the width of 
edge effect increased, the core wetland area decreased 
and the area of edge wetland increased. With con-
tinuous increase of windows size, the area of edge 
wetland also decreased (Li et al., 2011). The result 
suggested that the suitable window size should be 
smaller than the window size at which edge wetland 
area decreased fast. The edge wetland decreased faster 
when the windows size increased from 350 m×350 m 
to 450 m×450 m (Fig. 4), and thus, the suitable scale 
is 150 m×150 m–450 m×450 m for the wetland 
fragmentation in the middle reaches of the Heihe 
River. The credibility analysis of suitable scales also 
indicated the results were feasible. 

When the model was applied into the wetland 
fragmentation analysis in the middle reaches of the 
Heihe River, it is not rational to select the window 
scale according to the smallest wetland patch shape. 
Taking into account the strip distribution of wetland in 
the study area, the edge effect should depend on the 
mean width of the wetland patch. The relationship 
between the windows size and the effect size is that, 
the effect edge is 1+(n–1)/2 when the window size is n 
pixel (Riitters et al., 2002). According to the shape of 
wetland in the middle reaches of the Heihe River, the 
mean width was equal to the ratio of total area to one 
half of total perimeter. The mean width of total wet-
land patches was 155.99 m, which suggested the edge 
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effect width was close to 3 pixels. It corresponded to 
the window size of 5 pixels, and then the optimum 
scale should be 250 m×250 m. In the present study, 
the optimum scale for the type change tracker model 
was determined at 50 m pixel owing to limited data. 
The pixel precision limitation could lead to the error 
of scale determination. In future, the optimum scale 
would be tested at smaller pixel if higher resolution 
data could be got. 

3.3  The wetland fragmentation in the middle 
reaches of the Heihe River 

With the influence of climate change and human ac-
tivities, the wetland area decreased continuously (Niu 
et al., 2012; Verones et al., 2013), and it became 
fragmentation (Gibbes, 2009; Wang et al., 2011; 
Zhang et al., 2011). It was found that mean patch den-
sity, perimeter area ratio and patch shape fragmenta-
tion indices increased in different extent, and largest 
patch index, aggregation index and mean patch size 
decreased in the previous researches using landscape 
pattern indices (Li and Zhao, 2010; Jiang et al., 2013). 
It indicated the fragmentation of wetland in the middle 
reaches of the Heihe River was obvious. In the present 
study, the wetland area decreased by 7,570 hm2 in the 
past 35 years. The percentage of core wetland de-
creased by 12.8%, while the perforated, edge and 
patch wetlands increased by 0.8%, 3.1% and 8.9%, 
respectively. Therefore, the present study not only 
examined the decline of wetland area and fragmenta-
tion status, but also illustrated the fragmentation 
process spatially. 

With a variable and unpredictable flow course, the 
wetland spatial distribution patterns of the Heihe Riv-
er changed from 1975 to 2010. Larger areas of the 
core wetlands mainly transformed into non-wetlands 
and edge wetlands, a certain number of edge wetlands 
and perforated wetlands transformed into patch wet-
land, and quite a number of patch wetlands trans-
formed into non-wetlands (Table 5). This result indi-
cated that the fragmentation process in the middle 

reaches of the Heihe River is core wetland →

perforated or edge wetland → patch wetland or 

non-wetland. The result also showed that the arid 
inland river wetlands have strong changeable charac-
teristics with the flow variability (Zhou et al., 2006; 

Zhao et al., 2009). Significant wetland fragmentation 
appeared during 1975 to 2010 in the middle reaches of 
the Heihe River, which may results from climate 
change and human activity (Niu et al., 2012). Quanti-
fication driving factors should be researched in the 
future study. 

4  Conclusions 

The wetland fragmentation in the Heihe River was 
clarified between wetland and non-wetland and among 
wetland fragmentation types by the type change 
tracker model. The wetland fragmentation model on 
the pixel level performed well than the traditional 
wetland fragmentation analysis on the landscape and 
patch levels. Traditional method such as area fre-
quency statistics, fractal dimension and diversity in-
dex integrating with the Chi-square distribution nor-
malized scale variance, performed well in the scale 
analysis of the wetland fragmentation in the arid 
inland river. The suitable scale for the type change 
tracker model ranged from 150 m×150 m to 450 m×450 
m, and the optimum scale was 250 m×250 m in the 
middle reaches of the Heihe River. The wetland frag-
mentation intensified in the past 35 years in the mid-
dle reaches of the Heihe River, the total wetland and 
core wetland decreased by 23.2% and 12.7%, while 
that of edge, perforated and patch wetland increased. 
The arid inland river wetlands are quite variable, and 
the conversion among four types of fragmentation and 
non-wetland occurred. The research on conversion 
among wetland fragmentation types not only illumi-
nates the fragmentation dynamics, but also would en-
hance the driving mechanism analysis in the future. 
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