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Abstract Water resources are essential for sustainable
economic and social development, especially in the karst
regions of Southwest China. Guizhou Province was selec-
ted as a representative area to explore water resource car-
rying capacity (WRCC) in karst regions. The concepts of
carrying capacity of utilization amount of water resource
(CCUWR) and gross amount of water resources (CCGWR)
were proposed to evaluate the scales of population, agri-
culture and economy that local water resources can sup-
port. Results show that actual values of population and
cultivated land were much larger than the CCUWR, indi-
cating that both population and agriculture were overbur-
dened from 1999 to 2012. However, actual values of GDP
were smaller than those of CCGWR and CCUWR, sug-
gesting that water resources were in surplus relative to
economic development. In comparison between actual
values and those of CCGWR, the WRCC potential for the
scales of population and cultivated land is low, but the
potential for the economy is high. The discrepancy between
the water resources and cultivated land was most pro-
nounced in Guizhou. This paper indicates that it is urgent
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to enforce rational policies to ensure utilization efficiency
of water resources in karst regions.
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Introduction

Water is an indispensable and fundamental resource for
regional and national socioeconomic development as well as
sustainable environmental development, especially in arid
and semiarid areas (Obot 1984; Meng et al. 2009). As a
consequence of population growth and economic develop-
ment, water scarcity has become increasingly prominent,
constraining regional sustainable development (Gunasekara
et al. 2014). Water resource carrying capacity (WRCC) is a
new concept, first introduced by the China Xinjiang Water
Resource Soft-Science Research Panel in 1985 (Song et al.
2011). There remain differing definitions of WRCC in China
and other countries (Liang et al. 2002). Some consider it the
capacity to maintain a sustainable and functioning society
(Harris and Kennedy 1999; Ofoezie 2002; Clarke 2002;
Lopes and Theisohn 2003; Feng and Huang 2008; Ubels et al.
2010), and others as a threshold of water support to human
activity (Kuykendtierna et al. 1997; Hunter 1998; Falken-
mark and Lundqvist 1998; Rijsberman and van de Ven 2000;
Lietal. 2000; Chadenas et al. 2008; Fowler and Ubels 2010).
Actually, WRCC is a concept that accounts for both nature
and society but is not limited to these (Giupponi et al. 2004).
Many methods have been used to assess WRCC, such as the
common tendency prediction method, main component
analysis model (Fu and Ji 1999), system dynamics model
(Feng and Huang 2008; Zhu 2008), ecological footprint
(Wackernagel and Rees 1996; Wackernagel et al. 1997),
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multi-objective computation model (Fang et al. 2006), arti-
ficial neural networks model (Liu and Chen 2007; Lu et al.
2009), fuzzy comprehensive assessment model (Chen et al.
2008; Gong and Jin 2009), the Pressure-State-Response
framework (Wang and Xu 2015).

However, because of huge population and limited
resources, the traditional methods cannot be used directly
in China (Song et al. 2011). Therefore, the concept of
carrying capacity of relative resources (CCRR) was pro-
posed in 2000 (Huang and Kuang 2000) and has widely
been accepted (Wang et al. 2004; Chen and Jing 2006; Jing
2006; Li et al. 2008, 2009; Ye et al. 2007; Wang and Yang
2009; Song et al. 2011). Steps used to assess CCRR flow
are: (a) select one or more regions (reference zone) as a
benchmark; (b) calculate the index of CCRR in a study area
in accord with the possession of resources or consumption
per capita in that area and the reference zone.

There has been much research on CCRR in non-karst
areas, but such research in the karst area of Southwest China
is rare. This area covers 5.4 x 10° km? (Yuan 2001).
Because of the unique karst topology, about 20 % of this area
has severe degradation issues, such as karst rocky desertifi-
cation, soil erosion, drought and shortage of water resources
(Wang et al. 2002; Zhang et al. 2006). Although Southwest
China has a subtropical monsoon humid climate with
abundant rainfall, surface water rapidly infiltrates and sup-
plies groundwater, because there are many fissures, gaps,
sinkholes, caverns and underground streams in karst regions
(Chen et al. 2010). Therefore, water resource security is a
major issue and potentially a limiting factor to the socioe-
conomic development of karst regions and constrains the
elevation of living standards. It is important to better
understand WRCC in order to implement a rational water
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Fig. 1 Location of Guizhou Province and its nine cities/districts
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management planning so that future measurements can be
implemented for rocky desertification control and ecological
restoration. This paper uses a case study of Guizhou Pro-
vince, a classical karst area, to explore the WRCC in the karst
region of Southwest China. The objectives are to (a) reveal
dynamic changes in WRCC in the province during
1999-2012 and (b) determine the spatial variability of
WRCC in the province during that period.

Materials and methods
Study area

The extent of Guizhou Province is 103°36'-109°35'E,
24°37'-29°13/N, with a total area of 176,167 km? and nine
cities/districts (Fig. 1). Carbonate rocks cover an area of
109,084 km? or about 61.9 % of the total area (Huang and Cai
2006). There are four topography categories in the study area:
plateaus, mountains, hills and basins. The area of mountains
and hills makes up 92.5 % of the total area. Topography of the
study area is higher in the mid-west and lower in the east, with
altitudes from 147 to 2900 m above sea level (Fig. 1). Thereis
a subtropical monsoon humid climate with mean annual
temperature of 14.8 °C and abundant but seasonally variable
rainfall (Huang et al. 2012). Annual mean precipitation for the
period 1958-1992 was 1300 mm.

This province was selected because it is where the most
serious karst rocky desertification has occurred in South-
west China (Huang and Cai 2006). The province has a
shortage of surface water resources, cultivated land and
firewood and is one of the poorest areas of Southwest
China. Studying the WRCC spatiotemporal pattern may
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help the local government develop relevant regional
development policies toward improving living standards of
residents and provide information for ecological recon-
struction in the karst region.

Data sources

We collected time series data of population, cultivated
land, GDP, gross and utilization amounts of water resour-
ces in Guizhou (including its nine cities/districts) Province,
Hubei Province and all the China. Data on total population,
GDP and cultivated land were obtained directly from
China Statistical Yearbook, Guizhou Statistical Yearbook
and Hubei Statistical Yearbook of the studied years. Gross
and utilization amounts of water resources were from the
national Water Resources Bulletin (1999-2012) issued by
the Ministry of Water Resources, Guizhou Water Resour-
ces Bulletin (1999-2012) and Hubei Water Resources
Bulletin (1999-2012). The data series for China included
all provinces except Hong Kong, Macao and Taiwan.

Carrying capacity of relative water resources

The main sectors of the economy in Guizhou Province are
agriculture and energy production. Industrial pollution is
less as compared to the national average. However, soils in
the province are often scarce, thin and rocky with strong
permeability, which limits the amount of arable land. The
conflict between population, cultivated land and water
resources is great in the province. Therefore, population
size, agriculture and economic scale were chosen as indices
to assess provincial CCRR. Here, the theory of CCRR is
used to evaluate the WRCC of Guizhou Province. CCRR
was defined as the maximum bearing capacity of utilization
and gross amount of water resources for human activity in
a certain stage of socioeconomic development, or a certain
living standard in a favorable ecological system. The for-
mer can indicate the state of WRCC and the latter its
potential. The carrying capacity of relative water resources
(CCRWR) was used to assess that WRCC by taking all
China as the reference zone. The scales of population,
agriculture and economy that local water resources could
support were calculated by models of carrying capacity of
utilization amount of water resource (CCUWR). Potential
scales of population, cultivated land and economy that
those resources could support were assessed by models of
carrying capacity of gross amount of water resource
(CCGWR). WRCC during 1999-2012 in Guizhou Province
was selected to evaluate dynamic WRCC change in the
karst region. Average WRCC from 1999 to 2012 in the
nine provincial cities/districts was selected to evaluate
WRCC spatial variability. Equations based on CCRWR are
as follows (Tang et al. 2009; Song et al. 2011):

e Population index of the CCRWR:

Cop =11 X O (1)

I = Q0 /QOwo (2)
e Agriculture index of the CCRWR:

Co =1 X Q1 (3)

L= ng/Qwo 4)
e Economic index of the CCRWR:

Cre = Iy X Qi (5)

I = Qe0/Owo (6)

Here, Cy,, C;, and C, are population size, agriculture
and economic scale of CCRWR, respectively; [, I, and I3
are the carrying indexes of relative water resources; Q..o
and Q,,; are volumes of water resources (including uti-
lization and gross amounts of those resources) of the ref-
erence zone and study area; and Qpo, Q.o and Q,, are
values of population, cultivated land and GDP of the ref-
erence zone.

Results

Among Chinese provinces, the area of Guizhou is nearest
to that of Hubei. They both have a subtropical monsoon
climate, and their precipitation and gross amounts of water
resources are approximately equal. The area of Guizhou is
slightly smaller than that of Hubei, by 1.0 x 10* km?, but
the gross amount of water resource in Guizhou is slightly
larger, by 26.7 x 10® m®. Guizhou Province is a repre-
sentative karst area, whereas Hubei is in a non-karst area.
Therefore, to address the unique characteristics of WRCC
in the karst region, CCRWR in Hubei was also calculated
by taking China as the reference zone (Table 1).

Dynamic changes in water resource carrying
capacity in Guizhou Province

Figure 2 shows dynamic changes in WRCC in Guizhou
Province from 1999 to 2012, with China as the reference
zone. The trends of dynamic changes in WRCC for popu-
lation, cultivated land and GDP are different in Guizhou
Province in this phase. On the one hand, WRCC for pop-
ulation and cultivated land was stable with relatively large
population and limited cultivated land. On the other, WRCC
for GDP was increasing, due to the laggard economy.
During 1999-2012, population in Guizhou slowly
increased to a maximum 3931 x 10* in 2005, after which
it began to decrease slightly (Fig. 2a). CCUWR for popu-
lation in the province first increased slightly, plateaued
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Table 1 Water resource carrying capacity in Hubei Province taking China as the reference zone

Year Carrying capacity of utilization amount of water resource Carrying capacity of gross amount of water resource
Population Cultivated land GDP Population Cultivated land GDP
(10* person) (10> hm?)? (10® RMB) (10* person) (10> hm?) (10° RMB)
1999 47229 493.7 31359 5953.5 622.4 3953.0
2000 4612.5 466.8 3610.7 6236.2 631.1 4881.7
2001 2834.4 283.4 24353 6386.6 638.7 5487.3
2002 5252.0 521.5 4920.0 5626.7 558.7 5271.0
2003 5807.6 554.6 6104.1 5953.2 568.5 6257.1
2004 4999.5 471.0 6149.2 5686.1 535.6 6993.6
2005 4353.2 406.6 6157.0 5881.6 549.3 8318.8
2006 3319.6 307.7 5462.8 5870.2 544.2 9660.1
2007 5310.6 489.1 10,683.5 5875.2 541.1 11,819.4
2008 5005.1 459.0 11,835.8 6083.1 557.8 14,385.1
2009 7002.0 638.6 17,887.0 6540.8 596.5 16,708.7
2010 5504.5 499.3 16,482.3 6510.2 590.5 19,493.6
2011 4388.3 396.3 15,409.0 6545.7 591.1 22,984.3
2012 3732.3 335.0 14,304.1 5055.0 453.7 19,373.5
* 1 hm* = 0.01 km?
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Fig. 2 Population (a), cultivated land (b) and GDP (c¢) of CCRWR in Guizhou Province relative to all China

from 2003 to 2010, and then decreased (Fig. 2a). CCGWR
for population decreased with fluctuation (Fig. 2a). Culti-
vated land initially declined slightly, dropping to a mini-
mum 448.5 x 10° hm? in 2008, and then began to increase
slowly (Fig. 2b). CCUWR for cultivated land first
increased slightly (2000-2003), stabilized at
208.0 x 10 hm? from 2003 to 2010, and then began to
decrease (Fig. 2b). CCGWR for that land had reduced
volatility (Fig. 2b). One exception to the trend of cultivated
land was in 1999. Figure 2c shows that both actual GDP
and CCUWR for population increased continuously from
1999 to 2012. However, CCGWR for population had ele-
vated volatility (Fig. 2c).

@ Springer

State of water resource carrying capacity from 1999
to 2012 in Guizhou Province

The curve of actual population was above that of CCUWR
for population, but below that of CCGWR for population
(Fig. 2a). This means that actual values of population were
larger than corresponding values of CCUWR, but smaller
than those of CCGWR over 1999-2012 (Fig. 2a). There-
fore, for the utilization amount of water resources, the
population in Guizhou Province was overburdened, but for
the gross amount of water resources, those resources are
relatively surplus. One exception was in 2005 for CCGWR
(Fig. 2a), which was slightly larger than the actual
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population value. The potential of WRCC for population
was limited, especially in years with low CCGWR, such as
2003, 2005, 2010 and 2011. Figure 2b shows that actual
values of cultivated land were larger than those of
CCUWR, meaning that this land in the province was
overburdened. However, the curve of CCGWR for this land
fluctuated relative to actual values (Fig. 2b), indicating that
in some years the gross amount of water resources was
deficient and in other years they were in surplus. The
potential of WRCC for cultivated land was very low. Both
CCGWR and CCUWR for GDP were larger than corre-
sponding actual values of GDP from 1999 to 2012
(Fig. 2c). This indicates that economic development of
Guizhou was at a very low level in this period, and water
resources were in surplus during that development. The
potential of WRCC for GDP was relatively high. There-
fore, taking Guizhou Province as a whole, the discrepancy
between the water resources and cultivated land was most
pronounced from 1999 to 2012.

Spatial variability of water resource carrying
capacity in Guizhou Province

To investigate WRCC spatial variability in Guizhou Pro-
vince, mean values of the time series data of population,
GDP, cultivated land, gross and utilization amounts of
water resource were calculated for the nine cities/districts
in the province and China. China was chosen as the ref-
erence zone to calculate average WRCC in those cities/
districts. Actual values larger than those of WRCC signi-
fied an overburden, which is shown by a+ symbol in
Table 2. This table shows that it is population which
overburdened the WRCC. Along with the population
growth, climate change and increasing urbanization, many
cities, especially in developing countries, are facing water-
related problems including pollution, eutrophication and

scarcity of clean water (Anthonj et al. 2014). Therefore,
sustainable water management will become even more
urgent in Guizhou Province.

The levels of WRCC of the nine cities/districts were
classified into low, moderate and high levels according the
numbers of 4 (Table 2). Figure 3 shows WRCC patterns
of the province, portrayed according to Table 2. In general,
WRCC was higher in the southeast and lower in the middle
and northwest of the study area. Therefore, WRCC was not
balanced between the nine cities/districts in the province.

Figure 4 shows average WRCC in the nine cities/dis-
tricts of Guizhou Province from 1999 to 2012, taking China
as the reference zone. Actual population of all the cities/
districts was larger than corresponding values of CCUWR
(Fig. 4a), indicating that populations in these cities/districts
were overburdened (Table 2). The potential of WRCC for
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Fig. 3 Spatial distribution of water resource carrying capacity in
Guizhou Province

Table 2 State of water resource carrying capacity in the nine cities/districts in Guizhou Province

City Gross amount of water resource Utilization amount of water resource Level
Population Cultivated land GDP Population Cultivated land GDP
(10* person) (10° hm?) (10® RMB) (10* person) (10° hm?) (108 RMB)
Anshun + + Mm?
Bijie + + + + + L°
Guiyang + + + + L°
Liupanshui + + + + L°
Qiandongnan + H°
Qiannan + H¢
Qianxinan —+ H®
Tongren + + M
Zunyi + + + M

2 M = moderate, ® L = low, © H = high, sign + means overloaded
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Fig. 4 Average CCRWR for population (a), cultivated land (b) and GDP (c) in cities/districts of Guizhou Province from 1999 to 2012 taking

China as the reference zone

population in Qiandongnan and Qianxinan (Fig. 3) was
high, and their gross amounts of water resources were in
surplus. This potential in the other cities/districts was very
low, with insufficient water resources.

Actual cultivated land in Bijie, Tongren and Zunyi was
larger than that of CCUWR for cultivated land (Fig. 4b),
demonstrating that cultivated lands in these three cities/
districts were overburdened (Table 2). Actual cultivated
areas in Anshun, Bijie, Guiyang and Liupanshui were
similar to those of CCGWR (Fig. 4b), meaning that the
water resources for cultivated land in these cities/districts
were approaching a critical state. Water resources of the
other cities/districts showed a surplus for cultivated land.

Figure 4c and Table 2 show that water utilization for
economic use in Bijie, Guiyang and Liupanshui was criti-
cally high. The potential of WRCC for economy in these
cities/districts was limited. On the contrary, water resour-
ces in other cities/districts were in surplus for economic
development (Fig. 4c).

It is evident from the above analysis that the discrepancy
between water resources and population was most pro-
nounced in the nine cities/districts, which was inconsistent
with the discrepancy taking Guizhou Province as a whole
from 1999 to 2012. The reason may be the irregular distri-
bution of cultivated land in the province. Therefore, a small
scale can reflect more detail of WRCC in this province.

Discussion

Impact of precipitation on water resource carrying
capacity

The gross amount of water resources has significant cor-

relation with precipitation in Guizhou Province (Fig. 5).
Therefore, that amount is remarkably affected by the
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Fig. 5 Relationship between gross amount of water resource and
mean precipitation from 1999 to 2012 in Guizhou Province

precipitation. However, average annual precipitation does
not match average annual evaporation, which is 1220 mm.
So, water received is rapidly lost and the amount of
available water resources is small. Because of the sub-
tropical monsoon climate, precipitation varies greatly, e.g.,
820-1242 mm with mean 1097 mm in Guizhou Province
during 1999-2012. The gross amount of water resource
therefore also greatly varies, with a minimum in that period
of 626 x 10° m’ in 2001 and maximum 1217 x 10% m’ in
2000. This significant variation of precipitation strongly
influences the CCGWR. In 2005 and 2011, there were
precipitation deficits and CCGWR for population and
cultivated land was very small (Fig. 2a, b).

Precipitation also varies across the nine cities/districts of
Guizhou Province, so water resources in some of them are
surplus and in others they are insufficient. Topology affects
precipitation, which alters the distribution of WRCC in the
province. In the study area, WRCC was higher in the
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Fig. 6 Comparison of gross (GWR) and utilization (UWR) amounts
of water resource between Hubei and Guizhou provinces

southeast portion at low elevation and lower in the middle
and northwest at high elevation (Figs. 1, 3).

Impact of karstification on water resource carrying
capacity

As stated above, Guizhou Province is a karst region and
Hubei Province non-karst. Although the gross amount of
water resource in the two provinces is nearly equal, uti-
lization of that resource in Hubei is two to three times that
in Guizhou (Fig. 6). This results in a low CCUWR in
Guizhou (Fig. 2) and high CCUWR in Hubei (Table 1).
Given the unique two-dimensional hydraulic structure
resulting from long-term strong karstification, precipitation
in the area tends to infiltrate rapidly (Song et al. 2006; Peng
et al. 2012). Furthermore, caverns, fissures, gaps, under-
ground streams, sinkholes and channels enlarged by solu-
tion in the underlying bedrock facilitate rapid transport of
surface water to groundwater (Chen et al. 2010). Therefore,
WRCC in the karst region is lower than that in a non-karst
one.

Conclusions

Water resources are particularly important in karst areas. In
this paper, the WRCC in a representative karst region
(Guizhou Province) was assessed using CCRWR theory.
The main conclusions are as follows:

(a) Taking China as a reference zone, WRCC of the
karst region was very low, and WRCC potential was
also limited. This potential was relatively high in a
non-karst region with similar gross amount of water
resource.

(b) Water resources were in surplus for the GDP scale,
because the economy in the province was laggard
from 1999 to 2012. The WRCC associated with
population and agriculture was overburdened and
near a critical state.

(c) WRCC in the province had strong spatial variation
and was higher in the southeast portion and lower in
the middle and northwest. Therefore, environmental
determinants should be assessed in more detail.
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