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Abstract: Water conservation is closely related to ecosystem processes, production and life of human beings. In-depth research of
water conservation is of guiding significance for promoting harmonious coexistence between humans and water and is vital to the
health of ecosystems and the sustainable development of human society. With the deepening of the research and application of
water conservation,its connotation is gradually enriched,and the evaluation methods become more diverse. However, the defini-
tion of water conservation in previous studies is vague,and the comprehensive comparative analysis of various evaluation meth-
ods is lacking. Therefore, it is urgent to define the connotation of water conservation and analyze the applicability of its various
estimation methods. The history of water conservation research is reviewed by literature analysis, which can be divided into four
stages: cognition and germination stage, theory development stage,quantitative calculation stage,and comprehensive model eval-
uation stage. On this basis, the connotation of water conservation is clearly defined from three aspects of definition, water quan-
tity,and function. The existing estimation methods of water conservation are collected and sorted out,and systematic compara-
tive analysis is carried out on the principles, time and space scales, the application scopesand advantages &. disadvantages. The
possible research direction on water conservation in the future was also put forward.

Key words: water conservation; definition; function; calculation method; model

Ecosystem services refer to all the direct and water demand has intensified water shortage ",

indirect benefits that people obtain from ecosys-
tems "%, They are closely related to human well-
being and social sustainable development and have
attracted much attention in recent years. Current-
ly.the deterioration of the water environment and
climate warming have caused increasingly serious

problems of water resources, and the increase in
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Thus, great importance has been attached to water-
related ecosystem services. Since water is an impor-
tant link between ecosystem processes and human
activities, water conservation occupies a central po-
sition among many ecosystem services and is a key
indicator to characterize the condition of ecosys-

tems. The changes in water conservation not only
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directly affect the condition of natural elements and
ecosystem processes in the basin " but also have
indirect effects on ecosystems and water resources
in downstream areas, causing a new round of syn-
ergistic effect of human-water interaction,

Studying the water conservation function of
the ecosystem in China, clarifying the relationship
between water conservation function and €CoSySs—
tem processes & human activities in different re-
gions, and identifying the important water conser-
vation areas are of great practical significance for
the optimization of local ecological barriers, coping
with climate change risks,and optimizing water re-
sources allocation in downstream areas. It is also of
importance for alleviating China’s water resources
problems, developing and improving the optimal
layout of "human-soil-water", and promoting re-
gional sustainable development and ecological civi-
lization construction.

Since the beginning of the 20th century, schol-
ars have carried out extensive research on the func-
tion of water conservation in China, making im-
portant contributions to the integrated manage-
ment of water and soil and the national ecological
civilization construction in the new era. However,
the connotation of water construction defined by
different scholars differs and lacks a unified stand-
ard, and the research methods used in practical
work are diverse. As a result, the estimation re-
sults of water conservation capacity vary greatly.
Therefore, this paper sorts out and summarizes wa-
ter conservation research, clarifies the connotation
of water conservation,and analyzes the validity and
applicability of existing estimation methods in the
hopes of standardizing the water conservation eval-
uation and providing guidance for water conserva-
tion research and ecological civilization construc-

tion in China.
1 Research history of water conservation

1.1 Cognition and germination stage
Humans have been aware of water conserva-

tion since the age of agriculture and animal hus-

bandry. There is a clear written record of water

conservation in China. It is the description of Mei
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Zengliang of the Qing Dynasty in 1823 in his Shu
Peng Min Shi. " Whenever it rains, the rain flows
from the trees to the accumulated fallen leaves,and
then seeps from the leaves to the soil and rocks,
passing through the cracks between the rocks and
accumulating drop by drop into a spring. The water
flows slowly, so it flows to the fields below with-
out causing disaster. Even if it does not rain for
half a month, the fields higher up still could be wa-
tered. " In his paper,the effects of water conserva-
tion of trees on precipitation interception, flood
peak elimination, base flow increase, and irrigation
were analyzed, in which case the water conserva-
tion effects of trees were first recognized. The re-
search on water conservation originated from the
understanding of the relationship between forests
and water, which could be dated back to the 19th
century. Reference [ 5] mentioned that the German
scholar Ebmayer first investigated the factors af-
fecting evaporation by observing evaporation from
the forest surface in the Bavarian region in 1864,
and then observed the interception of precipitation
by forests in Austria in 1879. In 1900, the compara-
tive experiments on two catchment areas were con-
ducted in the Bernese Emmental region in Switzer-
land to investigate the effect of vegetation on run-
off in the catchment areas, which became the start
of the experiment on forest hydrology ‘). Subse-
quently, comparative experiments in small basins
were carried out in numerous countries to reveal
the differences in water conservation between for-
est lands and non-forest lands "*). As mentioned in
references [ 9-10, the study on forest hydrology in
China started relatively late in the 1920s, when Luo
Demin and Li Deyi conducted observational studies
on the effects of forests on runoff and soil & water
conservation in several places in China, The Ameri-

U proposed the concept of

can scholar Kittredge
forest hydrology in 1948, which promoted the study
on forest hydrological processes and laid the foun-
dation for the study on the water conservation
function of forests. The beginning of the 19th cen-
tury to the 1950s can be regarded as the cognition
and germination stage. In this period, water conser-

vation was not defined clearly, which mainly re-
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ferred to the influence of forests on runoff,and the
research method was single, namely analyzing the
relationship between forests and water mainly ac-

cording to the observed data.

1.2 Theory development stage
In the 1960s, the American scholars Bormann

[2)studied forest ecosystems and hydrological

et al.
processes in small catchment areas and combined
forest ecosystems with hydrological studies for the
first time. In the 1970s, the influence of forest veg-
etation on river water quality received attention,
and studies on water quality improvement by for-
ests were carried out in other countries, in which
water purification was considered as a manifesta-
tion of water conservation functions . Mean-
while,importance was attached to the study on for-
est hydrological processes, and the studies on for-
est hydrological processes such as forest canopy in-
terception, water retention of litter, soil water stor-
age, and forest evapotranspiration were carried
out, through which a large number of measured da-
ta were obtained. The forest canopy interception
models of Rutter et al. ' and Gash "'*) were estab-
lished. Numerous empirical formulas for calculating
the amount of water held in litter, soil water stor-
age,and evapotranspiration from forest lands were
developed. The development of forest hydrological
process studies enriched the theoretical basis of
water conservation research.

The 1960s and 1970s can be regarded as the
theory development stage of water conservation re-
search,during which numerous study results were
achieved in the field of forest hydrology and the
understanding of hydrological processes such as
forest canopy interception, water retention of lit-
ter,and soil water storage became clearer. Howev-
er,the object of study at this stage was limited to
the forest ecosystem, and the water conservation
was still considered as part of forest hydrological
processes, without a clear concept of water conser-

vation 1%,

1.3 Quantitative calculation stage

The quantitative calculation stage of water

conservation research began in the 1980s. In the

early stage, the precipitation interception rate, soil
infiltration rate,and evapotranspiration of different
action layers in forest areas were mainly measured
in the field, and the water-holding capacity of dif-
ferent action layers in the forest was calculated on
the basis of the measured data "/, In 1997, Con-
stanza et al. '™ defined the concept of ecosystem
services and water conservation started to receive
attention as a service function of ecosystems. Re-

[1920] estimated the amount and value of

searchers
water conservation in ecosystems of numerous
small basins with measured data. The estimation
methods adopted in practice are diverse due to the
different understandings of scholars on the conno-
tation of water sources. The typical methods in-
clude water balance method, precipitation storage
method, annual runoff method, underground runoff
growth method, canopy interception method, soil
water storage capacity method, comprehensive wa-
ter storage capacity method, multiple regression
method, and alternative engineering method.

The period from the 1980s to the beginning of
the 21st century can be regarded as a slow growth
period for the study of water conservation, during
which the concept of water conservation in forest
ecosystems was gradually clarified and many water
conservation estimation methods emerged. Howev-
er, the estimation of water conservation was mainly
focused on the scale of sample plots or small ba-
sins. The calculation results were greatly influ-
enced by the observed data, and the results ob-
tained with different calculation methods varied
greatly and lacked comparability.

1.4 Comprehensive model evaluation stage

In the past decade or so,scholars in China and
other countries gradually adopted modeling meth-
ods to comprehensively assess water conservation
function on a regional scale,and many hydrological
and ecological models were widely used in the study
of water conservation function, such as soil and
water assessment tool (SWAT) model, integrated
valuation of ecosystem services and trade-offs tool
(InVEST) model, cellular automata model, SEBS
and SCS model, and Terrain Lab model. Mean-

while, the scale problem of water conservation has
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received attention. Wang et al. ™" explored the
connotation of water conservation functions of for-
ests from different spatiotemporal scales and de-
fined the functions of water conservation on differ-
ent spatiotemporal scales. In addition, the connota-
tion of water conservation was enriched, and its ob-
jects of study were expanded from a single forest
ecosystem to other ecosystems such as grasslands
2223] wetlands ', and urban agriculture 1.
In general, the cognition of water conservation
is in a dynamic development process (Fig. 1). At
present,the studies of water conservation are more
comprehensive, focusing not only on ecological
hydrological processes within the basin (precipita-
tion interception, evapotranspiration,etc. ) but also
on the combined effects of multiple hydrological

processes and ecosystems (effects on precipitation,

regulation of temperature, etc. ). The objects of
study are expanded from forests to other terrestrial
ecosystems,and the differences in water conserva-
tion capacity of different ecosystems are compared.
The spatial scope of the study is further expanded
from the sample plot scale to basin and regional
scales,and the dynamic changes of water conserva-
tion function are investigated on different time
scales of year, month, and day and different time
series. The corresponding estimation methods be-
come more abundant, especially the use of numer-
ous comprehensive models to assess the water con-
servation function and quantify it at a deeper level.
In addition, research also focuses on the visual rep-
resentation of the results, which can demonstrate
the spatial differences of the water conservation

function on the basin scale.

Objects Forest

Ecosystem

Watershed Region

Description and observation |—'| Experimental watershed methods |—'| Experimental observation methods |—’| Calculation formula methods l—i| Syntheric model methods|—>

m Controlled watershed method
m Individual watershed method

® ['ield sample investigation
® [ndoor water immersion

® Water balance method
® Precipitation storage method
» Groundwater runoff growth method

= [nVEST
m SWAT

Methods m Parallel contrast watershed method method . . » Canopy interception residual method = Cellular automata model
 Majority parallel watershed method % Canopy interception model 1 718 NECEL R BRI B w SEBS and SCS
Rutter model (1971) = Annual runoff method m Terrain Lab
Gash model (1979)

» Comprehensive water storage capacity method
= Multiple regression method Shadow
engineering method

o The comparative experiment of two
catchments in Emmental mountain area
marked the beginning of modern
experimental forest hydrology

® In the early 20th century, differences in
water conservation between forested and

® Mei Zengliang (1823),
Described the role of trees in
water conservation

® Ebmayer (1879), Observed
forest interception

o Ebmayer (1864), Measured

Contents | forest surface evaporation ;
United States, Japan, Europe and so on

effects of forest vegetation on runoff and
soil and water conservation

o Kittredeg (1948) formally introduced
the concept of forest hydrology

® In the 1960s, Bormann and Liken ~ ® Constanza (1997), Ecosystem services
put forward the technology of
forest catchment area, which
initiated the combination of forest @ Quality and value evaluation of water
ecosystem research and retention
hydrology

non-forested areas were observed inthe o In the 1970s, the effect of improving  forest with different vegetation types

and purifying water quality

o Inthe 1920s, China paid attention to the ¢ Ecohydrological pracesses, such

as canopy interception, litter

water retention, soil water storage

and evapotranspiration

© Combined effects of
hydrological processes

© Comparison of water
conservation in different
ecosystems

® Temporal and spatial dynamic
analysis of water conservation

® Visual expression and spatial
difference analysis of
evaluation results

® Study on temporal and spatial
scale of water retention

and water conservation of ecosystem
were put forward

o Difference of water conservation in

T
Cognition and germination i Period of theoretical development |

Period of slow growth Period of great development

1800 1960

1980 2005 2020

Fig. 1 Evolution of connotation and calculation of water conservation from 1823 to 2020

2 Connotation definition of water conserva-

tion

With the deepening of study, the connotation
of water conservation has been gradually enriched,
and different scholars have different understand-
ings about it and have not yet formed a unified def-
inition. In the early stage of research, water conser-
vation was regarded as the influence of forests on
river runoff **), As the research on forest hydro-
logical processes gradually became mature, the con-
notation of water conservation was extended to the
functions of forest ecosystems in retaining and sto-

ring precipitation through the canopy layer, litter

+ 1056 « KX KRER

layer,and soil layer, which exhibited the functions
of groundwater replenishment and regulation of
river runoff "2, Later, the influence of forests on
precipitation and their ability to purify water quali-
ty were also considered as water conservation func-
tion. In this period.the water conservation capacity
was defined as the sum of canopy interception, wa-
ter retention of litter, and soil water storage, and
the object of study was limited to the forest ecosys-
tems. Nowadays, the research on water conserva-
tion has been extended from forest ecosystems to
areas with the capacity to retain water, and water
conservation capacity is defined as the amount

difference between the water received and the
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water consumed in a given area over a period of

(50340 Tn conclusion, although there are some

time
overlaps and differences in the connotation of water
conservation defined by different scholars, water
conservation is regarded as the ability of forests or
grasslands or wetland ecosystems to retain and
store precipitation and the functions of runoff reg-
ulation, water supply,and water purification in this

process.

In summary, water conservation can be defined

from three aspects:function,object,and quantity.
Water conservation refers to the process and
ability of ecosystems to retain water in the systems
by intercepting,infiltrating,and storing precipitati-
on through the canopy layer, litter layer, soil layer,
lake, and reservoir in a certain spatiotemporal
range. It not only meets the demand for water
sources within the systems but also provides water

resources to the outside and middle/lower reaches
(Fig. 2).

Fig. 2 Process of water conservation

2.1 Functions of water conservation
Functions of water conservation refer to the
ability of ecosystems to participate in the basin’s
hydrological cycle, regulate hydrological processes,
and generate ecological benefits in the process of
water conservation, which are crucial to ecosystem
balance and can provide numerous regulation and
supply services as well %) As a result of the
synthetic action of ecosystems and hydrological
processes on multiple spatiotemporal scales, the
functions of water conservation involve numerous
carriers, ecological hydrological processes, and
time-scale characteristics and are presented in
various forms. In terms of manifestation forms, the
functions of water conservation mainly include
water supply, runoff regulation, flood storage,
water purification, soil and water conservation, and
local temperature regulation (Tab. 1). In terms of

the carriers, processes, manifestation forms, and

time-scale characteristics involved in the functions
of water conservation, they can be distinguished in
a narrow and broad sense (Fig. 3). The functions
of water conservation in a narrow sense refer to
the interaction of the ecosystems formed by
forests, grasslands, and soils with the water in the
flood

storage, runoff regulation, and water supply. The

water conservation process, including
functions of water conservation in a broad sense
include the comprehensive influence and ecological
benefits of hydrological processes on local
climate, water, and soil. Not only the ecosystems
formed by forests, grasslands, and soils are con-
sidered, but also the water conservation by lakes,
reservoirs, and ponds is involved. The functions
include water purification, soil and water conser-
vation, and local temperature regulation in addi-
tion to water supply, runoff regulation, and flood

storage.
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Tab. 1 Forms of water conservation functions

Function

Explanation

Water conservation supplies water sources stably for use in the basin, and excess water can be provided to the

Water supply

middle and lower reaches to replenish water consumed by ecological processes and human activities there

Water conservation areas can be regarded as natural reservoirs, storing precipitation, replenishing groundwa-

Runoff regulation

during the dry season

ter,and reducing flood peaks during the rainy season,and replenishing river water and increasing river runoff

During precipitation events, different action layers intercept precipitation,change the storm runoff process., re-

Flood storage

duce flood peak flow,and prolong flood time

Precipitation is retained by layers within ecosystems., which results in significant improvement in water quality

Water purification

in forests

through adsorption, filtration, and some physicochemical processes,with water purification being most evident

Soil and water conservation )
face by rainfall

Surface vegetation and litter absorb and buffer rainfall, slowing down the erosion and scouring of the soil sur-

Ecosystems participate in the basin’s hydrological cycle through precipitation interception, precipitation stor-

Temperature regulation

cal scale

age,and evapotranspiration, which can affect the amount of rainfall, temperature,and humidity on a small lo-

Fig. 3 Definition of water conservation functions

2.2 Water conservation capacity

The water conservation capacity refers to the
amount of water stored in an ecosystem in a period
of time, and it is often used to assess the water
conservation function. Substantially,it refers to the
storage capacity of the ecosystem for precipitation
in a spatiotemporal range and conditions, i. e. ,
evaporation and soil runoff during non-rainy peri-
ods. The time scale (precipitation event, month,
and year) shall be considered during the calculation
of water conservation capacity. For a precipitation
event, the water quantity is calculated by the sub-
traction of evaporation and runoff produced during
the rainy period from the precipitation. For large

time scales of month and year, the water quantity

+ 1058 « KX K% &

refers to the total precipitation minus evaporation
and surface runoff during the rainy periods. The
water conservation capacity can be divided into po-
tential water conservation capacity and actual wa-
ter conservation capacity. The former refers to the
maximum regulation and storage capacity of an
ecosystem for precipitation under sufficient water
supply to the ecosystem, and the latter means the
actual regulation and storage capacity of the eco-
system for precipitation under actual precipitation
and climate conditions. Potential water conserva-
tion capacity is the maximum of the actual water
conservation capacity. The minimum water conser-
vation capacity is 0, which appears in the case of

impervious grounds, where all precipitation is evap-
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orated or becomes surface runoff. The maximum
water conservation capacity is the precipitation
amount. When the surface vegetation coverage is
high enough or the rainwater directly falls into
lakes or reservoirs, the rainfall intensity and pre-
cipitation amount do not reach the conditions of
surface runoff, which makes all precipitation stored

in the ecosystem.

3 Quantitative evaluation methods of wa-
ter conservation based on conceptual

models

The evaluation of water conservation means to

quantify the amount of water stored in an ecosys-
tem, which is consistent with the connotation of
water conservation. Due to the different concepts of
water conservation defined by scholars and the

of

methods are adopted in practice, mainly including

differences study areas, various calculation
water balance method, precipitation storage meth-
od, annual runoff method, underground runoff
growth method, canopy interception method, soil
water storage capacity method, comprehensive wa-
ter storage capacity method, and multiple regres-
sion method. Each method has advantages, limita-

tions,and applicability scope (Tab. 2).

Tab. 2 Calculation methods of water conservation

Suitable Scales

. . Applica-
No. Method Explanation Formula Advantages & Disadvantages .
tion Scope . e
Space Time
It is based on the black box theo-
Difference between precipitation ry,with a simple equation and less
o C4344) W=P—ET empirical data required; the accu-
and evapotranspiration-*
racy of the results is influenced by .
Water bal- o . ; Areas with
the evapotranspiration; in this . All All
1 ance low spatial
method, the part of water conser- L scales  scales
metho . . . . variation
Difference between precipitation vation capacity retained in evapo-
and evapotranspiration & other W=P—ET—R ration is subtracted,and thus cal-
water consumption[*%] culated values are smaller than ac-
tual values.
According to the historical observa- The formula is simple, and the
Precin: tions of forest evapotranspiration, parameters required can be ob-  Some for-
recipita- . . .
) the proportion of canopy, trunk., and tained from observations; the est areas All
tion stor- . . . ) .
2 b tree evapotranspiration and diffusion = W=pgX PXq« surface runoff is ignored,and it~ with em- | Month
age meth- . . . C o yepr .. scales
d in precipitation is determined, and is difficult to accurately calcu-  pirical
o . . .
the remainder is the water conser- late the proportion of evapo- constants
vation capacity-4647] transpiration in precipitation,
The water conservation capacity is
assumed to be equal to the annual This method is simple; the
runoff volume in the forest area,and difference in evapotranspiration .
Annual o Areas with .
the annual water consumption is e- from forest lands and other Basin
3 runoff . W=aXR . . forest cov- Year
hod qual for different land cover types. land types is not considered, scale
metho . .. . er
The water conservation capacity is the and thus the calculation error
product of forest coverage rate and an- is large.
nual runoff volume 8
Forests can convert surface run- .
. The parameters required are
off into groundwater runoff, so )
. few and can be obtained from
Under- that the groundwater runoff is ) ) )
. . There is no field observations; the water- .
ground more in forest areas than in non- ) ) ) Areas with
_ uniform formu-  holding capacity of the above- All Month,
5 runoff forest areas. The water conser- . . forest
. o . . la for the time ground parts of forest lands is scales  year
growth vation capacity is the increase in . lands
. being neglected and the calculated
method groundwater runoff in forest are-
values are smaller than actual
as compared to non-forest areas
values.
[49-50]
KxKRER <+ 1059 -



Vol.19 No. 6  South-to-North Water Transfers and Water Science & Technology ~Dec. 2021

Tab. 2

(Continued)

The water conservation capacity

is the amount of water that falls

Canopy in-  to the ground without being re-
6 tercept-ion  tained by the forest canopy and W=(1—¢)XP
method is calculated according to the

precipitation amount and canopy

interception rate [28]

The calculation is simple and fea-

sible since few parameters are in- )
Areas with

a high for-  All All

est cover- scales  scales

volved; however, surface runoff
and evapotranspiration are not
considered, which makes the cal-

. . age rate
culation results slightly larger than

the actual values.

The water conserved is retained
in soil; the water conservation

. capacity is the short-term reten-
Soil water . .
tion amount of precipitation by
storage ca-

This method is simple and easy
to operate; however, only the

water stored in the soil is cal-  Areas with

All All

7 . the non-capillary porosity of the W=10* X1 Xh culated, with the water stored forest cov-
pacity . . . scales  scales
hod soil, which can be calculated by in other layers and the water er
metho T . :
the multiplication of the soil consumed by the forest ig-
thickness and the non-capillary nored.
pOrOSiTy [10,20,51]
The water conservation capaci-
ties of canopy layer, litter lay-
. er,and soil layer are calculated
Compre- . . . . .
) The water conservation capacity respectively, which facilitates .
hen-sive . . . . Areas with
is the sum of canopy intercep- the comparison of conservation Small
water . . . . . X abundant . All
8 tion, water-holding capacity of W=I+K+Q capacities of different action L basin
storage ca- . . precipitati- scales
) litter, and soil water storage ca- layers; many measured values scale
pacity SR, , on
pacity [37-38.52] are required, and forest evapo-
method

transpiration is ignored, with
the calculation result being the

theoretical maximum,

A multiple linear regression

. model for calculating water con-
Multiple . L . No
servation capacity is obtained ac-

9 regression . L.
cording to characteristics of un-
method ble

derlying surface and meteoro-

logical factors 53

uniform

formula availa-

It fully considers the influence  Areas
factors of water conservation where
Month,

modeling requires a large num-  model scale year

and is logical; however, the regression  Basin

ber of measured data, and it is  parameters

difficult to promote the model.  are obtained

Note:W is the water conservation capacity,mm; P is the precipitation,mm;ET is the actual evapotranspiration,mm;R is the surface runoff,

mm; [ is the canopy interception capacity.mm;K is the water-holding capacity of litter layer,mm;Q is the water storage capacity of soil layer,

mm; B is the proportion of precipitation storage by forest in precipitation, % ; a is the forest coverage rate,%;gp is the canopy interception

rate, % ;A is the non-capillary porosity of soil, % ;4 is the soil thickness,cm.

Most of the above methods calculate the water
conservation capacity from one dimension, and the
water conservation capacity characterized by differ-
ent methods varies. For example, the soil water
storage capacity method regards the amount of wa-
ter stored in soils as water conservation capacity,
while the comprehensive water storage capacity
method considers the sum of canopy interception
capacity, water-holding capacity of litter, and soil
water storage capacity as the water conservation

capacity. Thus, the results obtained by different

+ 1060 = KX K% &

methods are less comparable. The comprehensive
water storage capacity method takes into account
the amounts of water retained in different action
layers, which is close to the connotation of water
conservation,and this method has a relatively wide

L7390 Jas it can compare the con-

application range
tributions of different action layers to the total wa-
ter conservation capacity. The water balance meth-
od views the amount difference between the water
received and the water consumed in a period of

time In an area as water conservation capacity,
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which best matches with the connotation of water
conservation, In addition, it is applicable to a wide
spatiotemporal scale and thus is currently the most
widely used method "****/_ Nie et al. ** consid-
ered surface runoff as water conservation capacity
and estimated the water conservation capacity of
the Qinghai-Tibet Plateau with the water balance
method. The results showed that the multi-year
(1982-2003) average water conservation capacity
was 3. 451 29X 10" m?, with a high water conser-
vation capacity in the southeast and a quite weak
water conservation capacity in the northwest. Gong
et al. " considered the result of subtracting surface
runoff and evapotranspiration from precipitation as
water conservation capacity and estimated the wa-
ter conservation capacity of the national ecosystem
with the water balance method. The results showed
that the total water conservation capacity was
1 222 433 million m® in 2010, with a spatial trend
of being high in the southeast and low in the north-
west, decreasing from east to west.

Water conservation is the result of the syn-
thetic action of ecosystems and hydrological
processes, which is related to various factors such
as ecosystem type, climatic conditions, underlying
surface properties, and human activities and is a

-2l How to

complex and comprehensive concept
accurately calculate the water conservation capacity
on multiple spatiotemporal scales is still a difficult
and important topic of study at present. According
to the connotation of water conservation defined in
this paper, the water conservation capacity of sur-
face ecosystems (including lakes and reservoirs) is
precipitation falling to the ground minus the evapo-
ration and surface runoff during the rainy period. It
is recommended to use a hydrological model with a
physical mechanism to calculate water conservation
capacity. The actual evapotranspiration (ET,) and
surface runoff (R,) during the rainy period are
simulated with the hydrological model. The water
conservation capacity is W= P — R, — ET,. The
evapotranspiration, interflow, and soil water con-
tent during the non-rainy period are all part of the
water conservation capacity. It is recommended to

use a distributed hydrological model on a daily

scale to calculate water conservation capacity. In a
complete flood or on a long time scale such as a
month or a year, the water conservation capacity of
the rainy period is calculated directly with the
model and summed to be the total water conserva-

tion capacity over the calculation period.

4 Quantitative evaluation methods of water

conservation based on dynamic models

With the deepening of understanding regard-
ing water conservation, many comprehensive evalu-
ation models for water conservation have been de-
veloped on the theoretical basis of the hydrological
cycle and with the help of GIS, RS, and computer
technology. The water conservation evaluation has
gradually developed from the above traditional cal-
culation methods to the comprehensive evaluation
methods based on dynamic models (Tab. 3). These
models can realize the dynamic simulation analysis
on water conservation and have become the main
way to quantitatively evaluate water conservation.
Models can be divided into two main categories: the
traditional hydrological models represented by the
SWAT model, and the emerging ecosystem service
evaluation models represented by the InVEST

). The hydrological models focus on the

model *
drivers of water conservation and are more con-
cerned with the simulation of water conservation
processes; the emerging ecosystem service evalua-
tion models focus on the final ecosystem services
and the visual representation of the evaluation re-

sults on the landscape scale.
4.1 InVEST model

The InVEST tool was jointly developed by
Stanford University, the World Wide Fund for Na-
ture,and The Nature Conservancy. It is an effective
tool to evaluate ecosystem services and is able to
express ecosystem services in a quantified, valued,
and visualized way and predict ecosystem services
under future scenarios. Nelson et al. ™) applied the
InVEST model to the Willamette River basin in the
United States and simulated and predicted changes in
ecosystem services (water quality, soil conservation,
and carbon storage), biodiversity conservation, and

commodity production levels under different land use/
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coverage scenarios to provide a basis for decision
making in the management and exploitation of local
natural resources. Since then, many scholars have

used the InVEST model to assess a variety of eco-

[62-64]

system services in different regions and ex-

plored the sensitivity and applicability of the mod-
el. The results showed that the model produced

good simulation effects in different regions 1%,

Tab. 3 Evaluation models of water conservation

Scale
Model Formulas Advantages &. Disadvantages
Time Space
R=min L%) . min(l,%) . Visualization and dynamics are
’ 50 m-10 k ” strong; however, it requires many in-
. . K 30 m- m gri
InVESTL#5:55] min ( 1, SOOl Y Year ls: basi & put data,and only annual average wa-
cells; basin . . .
ET ter conservation capacity can be sim-
_ o a) ., p
Y= ( 1 P ) I ulated.
It has a strong physical mechanism,
D Hydrological accurate simulation of hydrological
%) rological re-
SW ATL5657] Q- Z”: (P.—ET.—Q, A mo}r,:th sp}(])nse cgells ba processes,and time resolution of daily
o 1= i i W i . S S S3 - . .
= g 4 . time step; however, the uncertainty of
and year sin
Y model parameters is large, and the
correction is difficult.
Cellul . " Precini Hydrological re- It provides a scale-up approach; the
ellular autom- _ recipita- . . .
o] [5¢] Q= 2 Waosnit+DornE * ny » At . sponse cells; cel-  model is only applicable to the precip-
ata model = tion event o
! lular elements itation season (July-August).
R=P—ET—Q Evapotranspiration and surface runoff
SEBS and SCS  E 8 64107 24 » R are accurately calculated;lost ground-
an : daily = 8. 64X 107 =t i ' 4
il 10\ w Year Region water runoff is not considered and the

mode] [41+59]
_(P—0.259)"

Q="Ppro.8s =025

results are larger than the actual val-

ues.

Terrain

Lab60617 No uniform formula available
_a

It considers the variability of the veg-

etation-soil system in vertical direc-

. . tion,and the calculation of hydrologi-
Grid cells; basin .

cal parameters 1s accurate; the water

balance verification is required for

practical application.

Note:R is the water conservation capacity, mm;V is the flow rate coefficient; I't is the topographic index (dimensionless) ; K. is the saturated

hydraulic conductivity of soil,cm/d;Y is the water yield,mm; ET, is the actual evapotranspiration, mm; P is the precipitation, mm;Q; is the total

water conservation capacity,m®; ET is the evapotranspiration, mm;Q is to the surface runoff, mm; A is the area of hydrologic response unit

HRU, km?;: is the ith hydrologic response unit;» is the total number of hydrologic response unit; is the value corresponding to different time

scales (year,month,and day) ; Q- is the total amount of water retained by forests at the time (+1) .,mm;E is the average evaporation rate of the

saturated canopy,mm;W 1) is the amount of water retained by reservoirs of a cellular element at the time (¢z4+1) ,mm; D¢ +1) is the leakage to

the deep soil at the time (t+1),mm;m is the total number of cellular elements in the simulated area;n; is the number of simulations; At is the

24
time step; Egiy is the actual daily evapotranspiration, mm; Ais the daily evapotranspiration ratio (dimensionless); p,, is the density of water,
0

kg/cm®; R, is the net surface radiation flux, W/m?; S is the possible retention in the basin at that time,mm.

The InVEST model consists of numerous
modules. The water yield module is an important
component of water-related ecological service as-
sessment and is commonly used to calculate the
water conservation capacity of ecosystems 77,
which can reflect the spatial differences in water
conservation function on regional scales. It has

been applied in some places such as the United
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States, West Africa, and China (e. g. , the Loess
Plateau, Sanjiangyuan region, and mountainous are-
as in Beijing) and has achieved good simulation re-

SUItS [30,68-72]

. The water yield module uses water
balance as the basic principle to calculate the actual
evapotranspiration by the Budyko theory . On
this basis,the water yield of the grid cell is calcu-

lated, which is defined as the precipitation minus
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the actual evapotranspiration. Then the water yield
is further corrected according to the surface charac-
teristics to give the final water conservation capaci-
ty., with the main calculation equations shown in
Tab. 3.

The InVEST model is the most widely used
water conservation evaluation model, which has
unique advantages and some limitations, The main
advantages are as follows: The spatial distribution
characteristics of water conservation capacity are
presented in the form of a map, which helps to ana-
lyze the spatial differences of water conservation
function in the region and identify important water
conservation areas;the INVEST model can evaluate
water conservation, soil conservation, carbon stor-
age,and other ecosystem services and provide a ba-
sis for decision making on ecological conservation
and resource management depending on the com-
prehensive evaluation and tradeoff of multiple eco-
system services "5 the model is highly dynamic
and can predict water conservation capacity under
different land use/coverage scenarios and climate
scenarios ™, The main limitations are as follows:
The dynamic interaction between surface runoff
and soil water is ignored in the calculation of water
yield, and the calculation results have errors; the
time scale is a year, which makes the model unable
to reflect the variation characteristics of water con-
servation capacity within the year and in the flood/
dry seasons;the water yield module needs the input
of many raster data and biophysical parameters,
which is sensitive to the input data, and thus the
accuracy of the results is greatly affected by the in-

put data "™,

4.2 SWAT Model

The SWAT model is a distributed hydrological
model developed by the Agricultural Research
Service, United States Department of Agriculture
to analyze and predict long-term changes in hydro-
logical processes in complex basins. With a strong
physical mechanism, this model can accurately sim-
ulate and analyze the spatiotemporal variations of
hydrological processes such as evapotranspiration,
runoff, soil water, and base flow ©*, It has been

widely used in Canada, cold regions of North

America, and the Heihe region and Sanjiangyuan
region in China, with good simulation results
achieved 777,

In the SWAT model, the basin is first divided
into sub-basins, and then the sub-basins are divided
into hydrologic response units (HRUs) according
to the surface characteristics ). A HRU is used as
the minimum unit for the simulation of evapotrans-
piration, surface runoff, groundwater, and soil wa-
ter processes "%, The water conservation capacity
is defined as the result of subtracting evapotranspi-
ration and other water consumption from precipita-
tion.

The SWAT model can calculate the water con-
servation capacity of spatially discontinuously dis-
tributed landscapes 7 and reveal the differences in
water conservation capacity among different vege-
tation types. In addition, the model can analyze the
water conservation capacity at different time
scales; the short-term flood variation can be ana-
lyzed on the daily scale;the runoff variation within
a year can be studied and the runoff regulation
function can be analyzed on a monthly scale; the
water supply capacity can be investigated on the
yearly scale. However, it is difficult to correct the

model, and the results are highly affected by pa-

rameters.

4.3 Other models

In addition to the above-mentioned InVEST
model and SWAT model, scholars have proposed
some calculation models based on their understand-
ing of the connotation of water conservation. For

1 proposed a new modeling

example, Wang et al.
method for forest water conservation capacity
based on cellular automata, which can calculate the
water conservation capacity of forest ecosystems on
different spatiotemporal scales, providing a calcula-
tion method that extrapolates from small to large
scales. However,due to the complexity of the com-
putation, it has not been promoted for application
yet. Nie " and Zhang " combined the SEBS
evapotranspiration model and the SCS runoff esti-
mation model to calculate water conservation ca-
pacity. Although the evapotranspiration and sur-

face runoff were calculated accurately, the final cal-
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culated water conservation capacity was larger than
the actual value since the groundwater runoff was
not considered.

Some distributed hydrological models are also
used to calculate water conservation capacity.
These hydrological models mostly focus on the
simulation of hydrological cycles, such as evapo-
transpiration, surface runoff,and soil water,and on
this basis, the water conservation capacity of the
basin is obtained in light of the water balance prin-
ciple,such as the Terrain LLab model. The Terrain
Lab model was developed on the basis of the
distributed hydrology-vegetation model proposed
by Wigmosta®’, which simulates hydrological
processes with pixel as the unit and can calculate
actual evapotranspiration, soil water content, soil
moisture, and other hydrological process parame-
ters %4 The Terrain Lab model fully takes into
account the characteristics of the vegetation-soil
system in the vertical direction and can accurately
simulate hydrological process parameters, which is
suitable for the calculation of the water conserva-
tion capacity of forest ecosystems. However, the
model does not provide the validation of water bal-
ance within the basin and thus the water balance

needs to be verified in practical applications.

5 YValue assessment on water conservation

As an important service function of ecosys-
tems, water conservation provides numerous eco-
logical benefits and is an important assessment ele-
ment of ecosystem services. The value assessment
on water conservation is to express the water con-
servation capacity of ecosystems from the perspec-
tive of monetary value. It is often used in trade-off
analysis between different ecosystem services, ac-
counting of the total value of ecosystem services,
and ecological compensation. On the basis of calcu-
lating the substance quantity of water conserva-
tion, various methods are generally used to convert
the water conserved by ecosystems into value, and
the value magnitude is used to evaluate the water

[82-84]

conservation function . Currently, alternative

approaches are mostly used to indirectly calculate
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water conservation value, and the alternative engi-
neering method is most widely used. In addition,
Jiang proposed a fuzzy mathematical model for cal-
culating the value of forest water conservation
from the perspective of the factors that constitute
the value of water resources %,
5.1 Alternative engineering method

The alternative engineering method is based
on the principle that an ecosystem is considered as
a natural reservoir. Assuming that there exists en-
gineering (e. g. ,artificial reservoir) with the same
water conservation capacity as the ecosystem, the
construction cost or value of such engineering can
be used to replace the water conservation value of
the ecosystem. The construction cost or value of
such engineering is considered as a shadow price
and the total substance quantity of water conserva-

tion is multiplied by the shadow price to yield the

water conservation valuet'"**, as shown in Equa-
tion (1) .
V=W XP, (1)

where.V is the water conservation value, CNY; W
is the total water conservation capacity, m?®, which
is the product of the water conservation capacity
above and the size of the study area; P, is the shad-
ow price, CNY/m?.

The calculation of water conservation value
with the alternative engineering method relies on
the accurate calculation of substance quantity of
water conservation and the selection of a suitable
shadow price. There are many methods to calculate
the substance quantity of water conservation,
which have been discussed above. The shadow
prices are not selected in a uniform way, and the
followings are the main options "**; the construc-
tion cost of the reservoir engineering, usually the
cost per unit reservoir capacity; the commodity
price of water supply;the cost of electricity produc-
tion; the differential land rent; the cross-regional
freight of water resources; the desalination cost.
Among them, the first two are most widely used in
practical applications.

In early studies, researchers often selected a
cost per unit reservoir capacity of 0. 67 CNY/m?® as

the shadow price when calculating the water con-
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servation value with the alternative engineering
method. For example, Ouyang et al. " used the wa-
ter balance method and alternative engineering
method to analyze the economic value of water con-
servation in terrestrial ecosystems in China, and
the results showed that the water conservation val-
ue was 2. 71 X10" CNY/a. Deng et al. ) used the
canopy interception method and alternative engi-
neering method to assess the water conservation
function of forest ecosystem in the upper reaches of
Yangtze River and calculated the annual economic
value of water conservation to be 1 606. 179 X 10°
CNY. This indicates that the local forest has great
water conservation benefits. Liu et al. Y studied
the water conservation capacity of the ecosystem in
the Sanjiangyuan region from the perspective of
water storage capacities of litter and soil layers and
used the alternative engineering method to calcu-
late the water conservation value. The results
showed that the total value of water conservation
in the Sanjiangyuan region was 1.103 4 X 10"
CNY.

With the development of society and econo-
my.it is not practical to still select the cost per unit
reservoir capacity of 0.67 CNY/m® as the shadow
price. In recent years, researchers have selected a
more reasonable shadow price, taking into account
the current economic development. For example,
Lai et al " used the InVEST model and the alter-
native engineering method to calculate the water
conservation value when evaluating the water con-
servation function in the Sanjiangyuan region. They
selected the cost per unit reservoir capacity of 7. 02
CNY/m® as the shadow price and calculated that
the water conservation value in the Sanjiangyuan
region was 1. 07 X 10" CNY in 2008. Liu et al. %"
used the InVEST model and the alternative engi-
neering method to evaluate the water conservation
capacity of the ecosystem in the upper reaches of
the Minjiang River. They selected the water supply
price of 0. 83 CNY,/m® as the shadow price. The re-
sults showed that the total water conservation ca-
pacity in the upper reaches of the Minjiang River
was 4. 919 billion m? in 2010, and the water conser-
vation value is 4. 083 billion CNY.

As an effective method for estimating the wa-
ter conservation value, the alternative engineering
method is highly operable in practical application
due to its complete theoretical basis and is widely
used in the assessment on water conservation value
in China. However, there are numerous methods
for selecting shadow prices,and the different selec-
tion criteria may result in big differences in the cal-
culation results of the same study area, leading to
poor comparability of results. In addition, when de-
termining the shadow price, one should consider
the current reservoir construction cost and water
resources price in conjunction with the current so-
cio-economic development to select a more practical
shadow price.

5.2 Fuzzy mathematical model for forest
water conservation value

In addition to the above-mentioned alternative
engineering method that has been widely used,
Jiang" proposed a fuzzy mathematical model to
calculate the forest water conservation value
[ Equations (2) and (3) ]. The model views the for-
est water conservation value system as a complex
fuzzy system and fully considers three types of fac-
tors that constitute the water conservation value:
natural factors, social factors, and economic
factors, which can accurately calculate the econom-
ic value of forest water conservation theoretically.
However,it is difficult to operate in practical appli-
cations since there are many factors to be consid-
ered in the model. Thus,it is rarely used at present
and needs further development.

V=(AXR) XS (2)

S=(P,P,,P,,P;,0) (3
where:V is the forest water conservation value; A
is the weight value of factor evaluation; R is the
comprehensive evaluation matrix consisting of the
evaluation matrices of single factors affecting for-
est water conservation;S is the price vector of wa-

ter resources.
6 Conclusion and prospects

Depending on the analysis of the research re-
sults of water conservation, the main conclusions of

this paper are drawn as follows:
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(1) The research history of water conserva-
tion can be divided into four stages: cognition and
germination stage (1800-1950), mainly based on
observational data to analyze the relationship be-
tween forests and water and with water conserva-
tion regarded as the influence of forests on river
flow; theory development stage (1960-1970), with
a deeper understanding regarding the processes of
canopy interception, water retention of litter, and
soil water storage; quantitative calculation stage
(1980-2000) , with a clearer concept of water con-
servation and unprecedented development in water
conservation estimation methods; comprehensive
model evaluation stage (recent ten years or so),
mainly using comprehensive models to evaluate the
water conservation function within a region.

(2) Water conservation refers to the process
and ability of an ecosystem to fully maintain water
in the system through the interception,infiltration,
and storage of precipitation in vegetation layer, lit-
ter layer,soil layer, lake, and reservoir in a spatio-
temporal range. It not only meets the demand for
water resources in the system but also provides
water resources to the external areas and middle
and lower reaches of the system.,

(3) The functions of water conservation,a dy-
namically evolving concept, have a rich and expan-
ding connotation that can be distinguished in a nar-
row and broad sense. In a narrow sense, the func-
tions of water conservation refer to the interaction
of the ecosystems formed by forests, grasslands,
and soils with the water in the process of water
conservation, including flood storage, runoff regu-
lation,and water supply. In a broad sense, the func-
tions of water conservation include the combined
influence and ecological benefits of hydrological
processes on local climate, water,and soil. Not only
the ecosystems formed by forests, grasslands, and
soils are considered, but also the water conserva-
tion by lakes,reservoirs,and ponds is involved. The
functions include water purification, soil and water
conservation, and local temperature regulation in
addition to water supply, runoff regulation, and
flood storage.

(4) Water conservation evaluation can be car-
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ried out in terms of both substance quantity and
value, and there are many relevant calculation
methods and evaluation models. Each method has
advantages, disadvantages, spatiotemporal scale,
and application scope. In practical application, the
evaluation method needs to be selected flexibly.

There are several shortcomings in the existing
studies as follows:

(1) The connotation of water conservation is
not uniform, Different researchers give their conno-
tation of water conservation, and then provide the
calculation equations of water conservation capaci-
ty according to the connotation. As a result, the
calculated results may significantly vary even in the
same time and area.

(2) The objects of water conservation capacity
calculation are not inclusive. The existing calcula-
tion only considers the water conservation capaci-
ties of vegetation and soil and ignores the contribu-
tions of lakes, reservoirs, and ponds to water con-
servation. In the Qinghai-Tibet Plateau, the uncer-
tainty is great in the calculation of water conserva-
tion capacity for the areas where there are a large
number of inland lakes.

(3) The hydrological cycle is too simplified in
the water conservation capacity calculation. The
water conservation capacity calculation is mostly
done on a yearly or monthly scale for simplicity,
and the water balance is not considered enough,
which results in great uncertainty in the calculation
of each hydrological element. In general, water con-
servation is the result of subtracting evaporation
and runoff from precipitation. Since the evaporation
and interflow during non-rainy periods should be
part of water conservation, simply repeated calcula-
tions likely lead to negative values, which are un-
reasonable.

In view of the above shortcomings, the core
development direction of water conservation re-
search and application is " unifying standards, im-
proving objects, strengthening the hydrological cy-
cle, coupling multiple models, and realizing accu-
The further

in-depth study can be carried out in the following

rate water conservation calculation".

five aspects:
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(1) Unifying the concept and connotation of
water conservation. It is necessary to deepen the
connotation of water conservation, propose a rea-
sonable definition of water conservation, unify the
evaluation indexes as per the definition,and stand-
ardize the evaluation of water conservation func-
tions according to the research on the development
and mechanism of water conservation.

(2) Improving the study objects of water con-
servation. The research on water conservation
should consider not only the vegetation and soil but
also the water storage function of permafrost,
lakes, ponds, and reservoirs. Thus, during the cal-
culation of water conservation, the vegetation, soil,
permafrost, lakes, ponds, reservoirs, and rivers in
the study area should be taken as the study objects
for comprehensive consideration with the aim of re-
ducing the uncertainty of water conservation calcu-
lation.

(3) Strengthening the hydrological cycle cal-
culation and realizing the coupling of multiple mod-
els. The latest distributed hydrological models are
used to accurately calculate the hydrological cycles
in the study area (or basin) and provide accurate
hydrological elements for obtaining more accurate
water conservation capacity. By the coupling of the
ecological model, hydrological model, lake model,
and permafrost model, water conservation can be
studied more comprehensively. This makes up for
the shortcomings of single models and facilitates
the understanding of water conservation from a
more systematic view.,

(4) Forecasting the water conservation under
climate change and land use change scenarios. Pre-
vious studies have shown that climate change and
land use change are important factors influencing
water conservation function. Reasonable prediction
of water conservation function can help compre-
hensive management and decision-making on water
resources, cope with future changes, and prevent
risks.

(5) Enhancing the regional correlation re-
search. The current studies mainly focus on the
water conservation function within a single basin,

but rarely consider the influence of changes in the

upstream water conservation area on the midstream
and downstream ecosystems, water quantity, and
human activities. Therefore, enhancing regional
correlation research can better give play to water
conservation,
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