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Basic theories and methods of watershed ecological

regulation and control system

Shibao Lu, Yizi Shang, Wei Li, Xiaohe Wu and Hongbo Zhang
ABSTRACT
Watershed is an important existing form of water, with various functions such as water supply,

irrigation, fishery, tourism, and flood prevention, playing a major role in the daily production and lives

of residents and regional social and economic development. As a brand new management objective,

watershed development is a significant means for supporting and ensuring the sustainability of

social, economic and environmental development. This paper elaborates the importance of

preserving the ecological and hydrological connections of river systems to sustain their healthy life

cycle, as a harmonious relationship is essential for the current and future watershed management.

By emphasizing the importance of the watershed ecological and environmental management and

restoration, on the basis of the existing research results, this paper sums up the basic concepts and

connotation of the ecological operation of reservoirs, analyzing the research achievements and

existing problems of ecological operation study, and resulting in a fundamental framework of

ecological operation model based on the multiscale coupling mechanism, objective coordination

mechanism, generative mechanism of characteristic flows and operation scheme of the rolling

correction mechanism.
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INTRODUCTION
Watershed is an important form of water, with various func-

tions such as water supply, irrigation, fishery, tourism, and

flood prevention, playing a major role in many aspects,

including the daily production, lives of residents and

regional social and economic development (Cadieux &

Taylor ; Gudimov et al. ; Hipsey et al. ; Lu

et al. a). Watershed development is significant for sup-

porting and ensuring the sustainability of social, economic

and environmental development, and water environment

management focuses on the ecology management. Since

the 1990s, with the increase of human activities related to

water pollution and ecological disruption, issues such as

water eutrophication of lakes and rivers are prominent.

With the fast development of economy and society,

people have better knowledge of the ecosystem and pay
more attention to ecological operation. Chon () pro-

posed to lessen or eliminate the ecological and

environmental effects of large and medium-sized reservoirs

by changing reservoir operation. Frey & Rusch ()

emphasized that ecological operation was put forward

during the water resources allocation and operation, so

during the planning, construction and operation of

hydraulic works, social and economic benefits shall be con-

sidered, and ecological benefit also should be optimized.

Gudimov et al. () pointed out that compensating the

demand of river ecosystem for water quantity, water quality

and water temperature is the primary target, so scientific

methods shall be adopted to effectively reduce the threat

raised by the artificialization of downstream flow capacity,

discharge of water with low temperature and supersaturated
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gas. Deng et al. () believed that ecological conservation

is also of great importance for reservoir operation to achieve

multi social and economic goals. Ha et al. () believed

that reservoir ecological operation is available for handling

the unevenness of the temporal and spatial distribution of

runoffs. Mayer et al. () believed that the ecological

benefit of hydraulic projects is of equal importance as

social and economic benefit, which needs to be upgraded

to reduce the ecological and environmental impacts of

dams. McClain et al. () proposed that reservoir ecologi-

cal operation refers to, during the process of controlling the

water flow of reservoirs, fully considering the comprehen-

sive utilization requirements of reservoirs while fulfilling

the ecological and environmental water demand of rivers

downstream of the reservoir and the requirements of water

environment and quality of reservoir preservation.

Until now, even though the definition of reservoir eco-

logical operation is not unified, all kinds of researches are

emphasizing the ecological elements of reservoir operation

by comprehensively considering the regional water

demand of the ecological reservoir environment, coordinat-

ing ecological environment water demand and social and

economic water utilization, and maintaining the health of

the river ecosystems.

With the economic and social development in China,

water demand is growing. Nowadays profit-oriented

human activities deduce that the river eco-hydrological

system is deteriorating. The operation of dams has changed

the hydrological cycle of the natural river system and

adjusted the intrinsic eco-hydrological relations. As a

result, many living organisms have died or degenerated, as

it was too late for them to adapt to the abrupt ecosystem

change (Conrad & Hilchey ; Clark ; Plieninger

et al. ; Lu et al. b).

It is evident that most water-related ecological and

environmental problems are closely linked to the changes

of the river eco-hydrological relations. Thus it is of great the-

oretic value and practical significance to reconstruct, restore

and maintain the ecological and hydrological relations of

the river system and build a harmonious human–water

relationship.

Currently, scientists have paid great attention to the

response process of the river ecosystem and taken it as an

important research subject in river ecological studies,
trying to find effective methods to protect the river ecosys-

tem restoration (Brinkley et al. ; Danielsen et al. ;

Daniels et al. ; Lu et al. c). During the continuous

research period, ecologists and hydrologists have realized

that the river eco-hydrological process is the key to the

effect of hydropower projects on the river ecosystem, and

in order to achieve sustainable management of water

resources and renew the river ecosystem, it is important to

maintain the organic connection between the river hydrolo-

gic and ecologic process and conduct ecological regulation

in a feasible manner. This paper elaborates the importance

of preserving the ecological and hydrological connections

of river systems to sustain their healthy life cycle, as a har-

monious relationship is essential for current and future

watershed management.
CONNOTATION OF ECOLOGICAL OPERATION

‘Ecological regulation’ or ‘ecological operation’ is a new

concept that has drawn much attention. The connotation

of this concept is interpreted differently. ‘Ecological oper-

ation’ has no exact definition abroad. It has long been

viewed as using an integrated operation to solve eco-

environment problems. In China it is a common issue,

with various approaches proposed. The difference lies in

the setting of ecological goals and the priorities. Christin

et al. () think that the multi-objective ecological oper-

ation of dams is a method of reservoir regulation where

multiple objectives, such as flood control, power generation,

water supply, irrigation and shipping, are met and also takes

into account the needs of the river ecosystem. Daniell et al.

() think that under the ecological reservoir operation,

functions of the reservoir such as flood control, power gen-

eration, irrigation, water supply, shipping and tourism will

be fully exploited on the basis of the protection of the down-

stream ecosystem and the water environment in the

reservoir area, so that the negative impact of the reservoir

on the ecosystem and the water environment in the down-

stream reach is kept within a tolerable limit, allowing

renewal of the ecological and environment system gradually.

Dickinson et al. () state that ecological reservoir oper-

ation, by taking full consideration of reservoir’s regulation

behavior and river transportation characteristics, utilizes
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the storage capacity to store or discharge runoff, coordinate

the natural flow and sediment to improve the water environ-

ment conditions in the reservoir area and the downstream

areas, thus promoting river’s health. Dietz et al. ()

point out that ecological reservoir operation, based on

such restricting factors as flood control, power generation,

shipping, ecological water demand, irrigation, water

supply, breeding, tourism and recreation and sewage flush,

aims to achieve combined equilibrium and optimization

through coordination of these economic factors, and reason-

able reservoir operation is carried out to minimize the

negative effect of the reservoir on the river ecosystem. At

the same time, the reservoir’s ability to regulate water con-

tent is utilized to help the complex river ecosystem

develop in the direction of ecological succession. Rieman

& Wallenburn () think that ecological reservoir oper-

ation aims to basically realize the ecology environment

objectives and then harness the social and economic

benefits, but the precondition is that people’s life and

property are guaranteed. Van Delden et al. () propose

the ecological and environment operation, stating that the

environment and ecology should be separated in the

operation when studying the methods to minimize the eco-

environmental impacts. The objective of environment oper-

ation is to improve water quality while ecological operation

aims to make eco-compensation for the construction and

operation of reservoir projects. The two are related but

with different focuses. Based on the above-mentioned eco-

logical operations, it can be found that the fundamental of

ecological operations aims to incorporate the ecological fac-

tors into existing reservoir operations to match other

reservoir functions, which in turn is regarded as the core

function of the reservoir and used as the guidance for its

operation practices. Ecological operation is a new stage of

reservoir operation that addresses the ecological and

environment problems from the start to the end so as to

meet the objectives of water resource optimal allocation

and river ecosystem health. In view of this, the author com-

bines various definitions of reservoir ecological operation

and now proposes the concept of ecological operation as fol-

lows (Agarwal et al. ; Brown et al. ; Vovik ;

Zehe et al. ; Lu et al. ): ecological operation is to

coordinate the relation between ecology and other reservoir

functions to minimize the impact of reservoir operation on
the downstream ecosystem on the basis of meeting

human’s basic needs of the rivers.

By definition, ecological operation can be defined in a

broad or a narrow sense. The broad sense refers to reservoir

combined regulation with the ecological requirement taken

into account, while the narrow sense refers to reservoir regu-

lation operation for a single purpose. Both approaches aim

to improve the hydrological, hydraulic and water environ-

ment conditions in the reservoir air and the downstream

areas, and safeguard river ecosystem health and safety

(Maes et al. ; Crossman et al. ; Kandziora et al.

; Lu et al. ). Their difference lies in the broad

sense that belongs to an integrated operation characterized

by multiple dissensions, layers and objectives by which eco-

logical protection is only one of the objectives pursued. In

comprehensive application of reservoirs, the basic needs of

flood control and water supply should be satisfied first,

and then other goals are coordinated so as to protect river

ecological functions. Whereas ecological operation in the

narrow sense is one conducted to achieve a specific goal

or at a certain stage, which has supreme priority among

other functionality objectives, this approach is normally a

method or a step in the combined operation, aiming at alle-

viating the ecology environment problems in some degree or

within a short period, including the emergency response

operation. Research and discussion of this article are

focused on ecological operation in the broad sense.
STATUS QUO AND PROBLEMS CONCERNING
ECOLOGICAL OPERATION

In related studies and practices abroad, the ecological oper-

ation is always considered a main river ecosystem renewal

method, inclined toward the narrow sense. The work has

been carried out in many countries. For example, the

United States has conducted ecological operation in the

Tennessee Valley and adaptive management in the Colorado

River Glen Canyon; Australia has conducted ecological

regulation in the Murray-Darling River (Pagella & Sinclair

; Ibisch et al. ; Mandle et al. ). The research in

developed countries such as America and Australia is

more advanced at the practical study stage (De Groot

et al. ; Pahl-Wostl et al. ; Parker & Crona ;
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Shang et al. ). In China, ecological operation is basically

at an experiment stage. Due to the limits of current econ-

omic development level as well as the infrastructure,

current research conditions and environment are immature

in China and there is a huge gap in terms of research level.

Many scholars in China have engaged in a series of studies

and obtained original results. However, in order to arrive at

a set of ecological operation theories and methodologies

suited to Chinese conditions, the author believes that there

are several problems which need to be solved urgently.

Insufficient basic data

Except for some special reserves, ecological monitoring is

still quite backward in China. Many regions and rivers are

not backed up with ecological monitoring data which has

made ecological operation and ecological restoration

research difficult in such areas. Therefore, improving the

ecological monitoring network to enable real-time acqui-

sition of ecological environment data is the key to further

ecological restoration and regulation.

Ecological control objectives

The ecological reservoir operation aims to improve the drain

conditions, restore the river’s ecological and hydrological

relations, and protect ecosystem health. To achieve the

goal, it is necessary to understand the response mechanism

between the flow conditions and the ecosystem, which is

accompanied by a viable ecological control objective.

Research results regarding ecological control objectives are

mainly concentrated in the area of ecological water

demand and are dominated by hydrological and hydraulic

methodologies (Polasky et al. ; Ruckelshaus et al.

; Ellison et al. ), it has the following weak points.

(1) Macro research scale. Due to the limits of operation

level for ecological water demand, much of the ecological

water requirement researches focus on water volume and

thus there is no detailed description of the requirement pro-

cess of the ecological system, such as the flow shape, the

extreme changes and the flood pulse. (2) Undefined

response relationship with the ecological system and lack

of a physical foundation. Due to the limits of experiment

research, many ecological objective researches lack macro
experimental results as the base. The hydrological and eco-

logical functions have unclear mechanisms which makes

the feasibility and effect of ecological operation open to

challenge.

Coordination of ecological goals and socioeconomic

goals

Influenced by the social and economic system, Chinese

reservoirs perform multiple functions, such as power gener-

ation, flood control, irrigation and water supply. Therefore,

other functions should be coordinated when the ecological

efficiency of reservoir is considered, e.g. coordination

between ecological goals and the flood prevention plan

and the regional network loads, and coordination between

ecological functions and the water diversion process.

However, as these matters are related to national flood

control safety, energy safety, water supply safety and food

safety which concerns national economy and people’s

livelihoods and involves a wide range of departments, the

practical operating level is extremely complicated and

challenging, and it is imperative to carry out the research

work on the response mechanism of ecological operation

in different areas.

Moreover, as water demand varies with time and space,

ecological operation is time-dependent in the process of

coordination with other objectives. It is therefore necessary

to combine different water uses with multi-time scales and

establish a principle of prioritizing time and space functions

so as to develop a set of characteristic water flow generating

techniques that feature multiple objects and multi-scales and

adapt to other concurrent needs.

Complexity of basin ecological operation

The ecological operation at the basin level is no longer

regarded as a simple issue that used to be considered the

rise and fall of reservoir level and flow discharge, but an

issue that concerns the whole river basin (Abson et al.

; Popescu et al. ; Vreese et al. ). At the current

stage, an ecological control point or monitoring section is

generally chosen for river or basin ecological control. How-

ever, the control flow for these points is always determined

by the combination of the discharge amount of the
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reservoirs in the upper reach. In particular, the discharge

accumulation of the mainstream and tributaries is relatively

complicated in terms of time and space.

Maintaining a healthy river ecosystem is a systematic,

complicated and multi-dimensional regulation problem, in

which the ecological reservoir operation is only a link.

After the operation is in place, it is still necessary to

review river ecological health and its characteristics so as

to further gauge the effect of the implementation of ecologi-

cal operation. The results are used as reference for

ecological feed-back regulation in order to build a well-

established river eco-health regulation system and to provide

long-term security for river health and life through ecologi-

cal operation. In other words, it is necessary to set up a

post-evaluation and rotational correction mechanism.

As ecological operation reference may impact the flow

at control points, the ecological operation in the cascade

reservoir on a basin-scale is too complicated to be solved

easily.

Long-term effectiveness of ecological operation

The impact of ecological operation on river ecological and

hydrological systems should be assessed in a broader

sense, or the concurrent impact will be neglected. However,

as current hydrological-ecological data is insufficient, there

is a lack of insight into the hydrological-ecological relation,

or there is diversity of the ecological goals caused by the

diversity of river functions and biological communities, so

people’s perception of the health status of river ecological-

hydrological differs from each other, or the understanding

of the mechanism for the degeneration or restoration of

river ecosystem caused by hydrological changes is incom-

plete. Therefore, it is very important to set up a widely

accepted, river-specific and quantitative post-evaluation

system with a view to providing a long-term mechanism

for ecological operations.
KEY TECHNOLOGIES FOR ECOLOGICAL OPERATION

Ecological operation is a new stage of reservoir operation

and aims at addressing ecological and environmental pro-

blems and promoting optimal water resource allocation
and ecological health of rivers. By the sphere of action,

the ecological reservoir operation can be divided into reser-

voir area ecological operation and downstream area-

oriented ecological operation. As its name implies, the

former focuses on the reservoir area by using the discharge

flow process at different hours, different discharge positions

and different flows to improve and maintain the health and

stability of reservoir area ecological system, while the latter

focuses on the protection of the downstream ecological

environment system, covering a number of problems such

as flow discharge magnitude, frequency, duration, occur-

rence time and rate of change, as well as water quality,

temperature and sediment content. Depending on the

object and goal of ecological reservoir operation, the eco-

logical operation can be divided into five categories

(Weaver et al. ; Berkes ; Bond et al. , ):

(1) ecological water demand regulation; (2) ecological

flood regulation; (3) sediment regulation; (4) water quality

and volume regulation; and (5) ecological factor regulation.

Ecological factor regulation mainly refers to regulation of

ecological factors, such as water temperature, flow rate

and flow. The ecological operation proposed by this article

is mainly concerned with ecological water demand regu-

lation, e.g. ecological operation based on the ecological

objective of ecological water requirements.

Based on the concept, connotation of ecological oper-

ation and the key problems in the study, the ecological

reservoir operation should tackle the major problems in eco-

logical operation research through four mechanisms (Cash

et al. ; Adger et al. ), i.e. multi-scale coupling mech-

anism, objective coordination mechanism, characteristic

flow generation mechanism and rotational correction

mechanism.

Multi-scale coupling mechanism

Water demand for river ecosystems in different periods is

different and the duration is different, too, so ecological

water demand has multi-scale characteristics, that is to say,

there is a difference in time-scale between the time scales

(Alexander et al. ; Booth et al. ). For example, the

minimum flow rests with the monthly scale and the impulse

flow applies to daily scale. Therefore, important ecological

information may be neglected if a monthly, ten-day or
www.manaraa.com



298 S. Lu et al. | Watershed ecological regulation and control system Journal of Water and Climate Change | 09.2 | 2018
daily method is simply used as the operation period. Eco-

logical operation modeling must cover different time scales

by producing characteristic water flow of different time

scales. Based on the experience and practice of reservoir

operation, the author sets forth three time scales to carry

out ecological operation, i.e. medium- and long-term oper-

ation, short-term operation and in-plant ecological

operation. The medium- and long-term operation is suitable

for yearly, monthly and ten-day scales and addresses the

water needs for continuous flow, minimum flow and opti-

mum flow; the short-period operation applies to daily and

hourly scales and concentrates on problems such as bank-

flush discharge, impulse flow and artificial floods. In-plant

ecological operation, on the other hand, is responsible for

detailed tasks or emergency or undefined tasks that other

models cannot tackle, such as water temperature adjust-

ment, improvement of water quality, aeration and

supplementary nutrients. The three operation models use

long- and short-term nesting and condition-triggered

methods to generate characteristic water flow of different

scales. Long- and short-term nesting refers to nesting of

medium- and long-term ecological requirements and short-

term ecological requirements. Water demand with mini-

mum flow and optimum flow and other larger-scale

requirements can be considered when developing medium-

and long-term operation plans. However, when drawing

up short-term plans, bank-flush discharge, pulse flow and

artificial flood can be generated according to the time and

condition-trigger mechanism. Other requirements for water

temperature adjustment, improvement of water quality,

aeration and supplementary nutrients can be controlled

within in-plant operations in more detail and activated in

response to monitoring data or ecological feedbacks.

Objective coordination mechanism

It is well known that reservoir operation is a complicated

multi-dimensional, multi-objective and multi-layer project.

Effective and stable strategies and methods have been devel-

oped over a long period of practice (such as the operation

graph and rules). If ecological environment problems are

to be solved by reservoir operation, its functions such as

flood control, water supply and power generation must be

considered. How should we develop a reservoir operation
scheme that combines ecological requirements and human

needs? It is imperative to conduct research on the coordi-

nation mechanism between ecological requirements and

flood control objectives. Through coordination, the ecologi-

cal environment along the river or in the basin can be

improved to the largest extent within tolerable limits of

human needs.

However, since human needs and ecological water

requirements are whole-process behaviors, it is very difficult

to realize so-called optimization at the operation level

(Bangash et al. ; Serpa et al. ). The author believes

that setting of priority targets according to the time, or

objective-first approach, can be employed. Functionality

objectives in different periods (at the same scale or different

scales) can be arranged in sequence of importance, such as

flood control priority in the flood season, irrigation objective

priority in spring and summer irrigation season, power gen-

eration objective priority in the post-irrigation period,

ecological objective priority in the important life cycle of

organisms. The period of time can be divided according to

the hydrological characteristics, water resource utilization

and native species’ water needs. Table 1 illustrates this

using the Lanzhou section of the Yellow River.

As shown in Table 1, selection of key objectives is not

necessarily all-inclusive and only those that need coordi-

nation are listed. For example, in the swelling period

before the flood, we consider the pulse flow, irrigation and

power generation objectives. It does not include water con-

sumption for domestic use, though the factor may be

important or should be treated as a priority. It is owing to

the fact that water is abundant in such a period with no con-

flict with domestic consumption that it is not taken as a

major consideration. This treatment can reduce the

number of coordinated objects and the complexity of the

coordination. At the same time, as key objectives vary

greatly in different periods, they should be considered

separately.

Mechanism for generation of characteristic water flow

Influenced by reservoir operation and water diversion, many

original characteristic water flows have degraded and even

disappeared, triggering a series of ecological environment

problems (Bateman et al. ; Dong et al. ). Factors
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such as ecological flood, pulse flow and the restoration of

bank-flush discharge and over-beach discharge, key to the

ecological system, are very important to the living organism

inside and outside the river. However, these characteristic

flows normally occur in a particular period and under

special inflow conditions, so manual intervention must be

resorted to in order to form such flows. For example,

upstream water and future rainfall factors can be combined

in such considerations and the reservoir discharge and

supply mode can be used to generate characteristic water

flow required by downstream areas.

Flood pulse is generated in two parts: the time and the

magnitude of the pulse discharge. When the inflow of down-

stream tributaries exceeds a limit value, a pulse discharge

event will be activated, namely meeting the following

conditions.

QT > T (1)

where T is the limit value (m3/s) produced by preset pulses.

To avoid too frequent pulse event occurrences, the interval

between two pulses can be set as a minimum of 5 days.

When the flow falls to under the preset value or the flow

decreases for n days successively (generally n is the preset

pulse interval), a pulse event is over. Since flood pulse pro-

duces a pulse effect in the downstream areas through

reservoir discharge, the reservoir must compensate and con-

trol pulse discharge. See the specific setting as follows:

QP ¼ QR �QT þ C (2)

where QP is the discharge flow of the reservoir (m3/s); QR is

the target base flow (m3/s); QT is the inflow rate (m3/s) of

downstream tributaries; C is the compensating factor that

can be a positive value or negative value and it can be

used to calculate the variations of the peak values when

the flood peak floats downstream (including the decrease

caused by evolution or increase from tributary inflow).

When the tributary flow that triggers the discharge attenu-

ates before the discharge period is over, the compensating

factor can maintain the flow so that it reaches the required

level at a given contact point. In an ecological operation

model, as the number of flood pulses is very important,

the mode of man–machine interaction can be adopted to

manually select the pulse contact.
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Rotational correction mechanism of operation scheme

The ecological system is a varying system. Water demand

varies apparently with time and appears unstable in long-

term evolution processes. Therefore, when an ecological

operation scheme is developed, the operation strategy

should be adjusted according to the response of the ecologi-

cal system in order to achieve adaptive management goals.

A cybernetic model can be introduced to build a

rotational correction mechanism for the operation scheme.

Take the reservoir as a controlling system, as shown in

Figure 1. It serves the function of control and receives the

feedback. The downstream ecological system is used as the

controlled system that receives control and supply feedback.

The controlling system model is combined with the con-

trolled system model. The controlling system model enables

the experienced operation, regulation and management staff

to send control information to experts based on objective

coordination results and control the controlled system.

The controlled system, after receiving the control, acquires

the feedback of downstream ecological system through eco-

logical monitoring and evaluation system. After receiving

the information, experts will analyze the information, re-

publish the control information, exert real-time control

and then form a rotational correction mechanism. However,

since it is difficult to acquire ecological data and the timeli-

ness of the response is poor, it is difficult to realize real-time

operation, and the scheme can be corrected on a regular

basis.
CONSTRUCTION OF THE ECOLOGICAL OPERATION
MODEL SYSTEM

Based on existing research results and the analyses and dis-

cussions of key technologies involved in the modeling, a
Figure 1 | Control theory model.
basic framework for ecological reservoir operation based

on the scale nesting mechanism, objective coordination

mechanism, characteristic water flow generation mechan-

ism and operation scheme rotational correction

mechanism is presented in Figure 2.

The ecological operation model system has the follow-

ing characteristics:

1. The objective of ecological operation model system is to

improve and maintain river ecological-hydrological

relation and restore river ecosystem health.

2. The ecological operation model is a water resource multi-

objective regulation model that takes into account the

ecological requirements. It is designed to find a balance

and compatibility between the ecological goals and

human needs to improve and restore the health of the

river ecosystem to meet basic human requirements (or

with lesser influence).

3. The model system, through medium- and long-term oper-

ation, short-term operation and in-plant ecological

operation, can effectively adapt to the scale difference

existing in ecological requirements by producing or gen-

erating required characteristic water flow through the

operation models of different scales.

4. The model system uses a key objective priority method

for different periods based on multi-objective coupling

(Danielsen et al. ; Clark et al. ). The reservoir

operation objectives for different periods are prioritized

according to importance while conflicting objectives are

coordinated according to precedence. Such a multi-

objective approach avoids too strong optimum solution

theories existing in the multi-objective precedence

method which lacks physical meaning and has poor oper-

ability. At the same time, the time-divided method can

better approach the operation reality and make it easy

to draft operation rules and schemes.

5. Operation itself is only a step in maintaining river eco

health. To improve the health status of the ecological

system, it is necessary to set up an ecological post-assess-

ment mechanism. Rotational corrections are exercised

over ecological operation through ecological monitoring

information and evaluation results so as to maintain the

scientific nature and effectiveness of the ecological

operation.
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AREAS THAT NEED DETAILED STUDY

Ecological reservoir operation is a frontier science in water

resource study that involves hydrology, river dynamics,

environmental science and ecology (Cortner & Moote

). It is a cross-field and complex discipline. As China

is still in the exploration stage in terms of the practice of

river ecological operation, many concepts exist in the oper-

ation of ecological reservoirs. Experiments have simply
proposed single ecological requirements into water resource

multi-objective models. There is a lack of consideration for

the complexity of ecological objective’s time scale and the

optimal objective coordination mechanism, as well as insuf-

ficient combination of theories with practice. Therefore,

based on related discussions and model framework for eco-

logical operation, the author believes that future ecological

operations should focus on the following aspects for detailed

and effective research.
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Improvement of ecological monitoring network

Ecological data are the basis for all river ecological studies.

Due to the limits of economic conditions and development

stage, the ecological monitoring network in China remains

imperfect. A monitoring network is absent or has been dis-

used for a long time in many rivers. Collectable data are

too outdated. Take the Yellow River as an example. A Pre-

liminary Study Report on the Biological Foundation for

Fishery in the Yellow River, published by the Institute of

Zoology at Chinese Academy of Science, and the Fishery

Resource in the Yellow River System, written by the

Yellow River Fishery Resource Work Group, are relatively

complete surveys about the fish in the Yellow River (Fishery

Resource Research ). Related surveys and research in

this regard are small in number since 1990. Due to insuffi-

cient data, hydrological and ecological research on the

Yellow River basin and the research on the evolution of its

ecological system and its mutation mechanism have

remained stagnant. It is evident that ecological data are

the key to river ecosystem research. Perfecting an ecological

monitoring network and improving the monitoring ability of

the ecological system are crucial for deeper understanding

of the ecological environment problems associated with

rivers and the promotion of the rivers’ health and life.

Study of ecological safety evaluation system

Evaluation of river ecological safety status is the premise of

ecological operation, and also an important method and

base for assessing ecological operation effects. Currently,

related ecological safety evaluation is mainly based on

biological population number, birth rate and habitat

environment (Daw et al. ). It can reflect the overall situ-

ation of the ecological system, but the support it provides for

ecological operation research is inadequate. Because it

cannot determine the available operation factors on the

basis of the evaluation results, the evaluation results

cannot play a guiding role and there is actually no practical

value for it. Therefore, optimum selection should be made

based on the evaluation index and factors relating to the

water flow, water quality and sediments should be used as

the evaluation indicators as much as possible to strengthen

the guidance of evaluation results.
Study of ecological objective identification

Ecological goals are vital to ecological operation theories.

Selection of the objective can determine the impact of eco-

logical operation. Existing research results at home and

abroad contain varied ecological goals, including biological

indicators such as fish, shell fish and alga. Some focus on

hydrological indicators, mainly the hydrological regime

(Geneletti et al. ). Ecological objective is a representa-

tive of the ecological system and is difficult to select. On

the one hand, ecological objective must represent variations

of the system, otherwise the effect of ecological operation is

impractical; on the other hand, ecological goals must be

concrete and easily quantifiable, or it will be difficult to acti-

vate ecological operation. Therefore, determination of

ecological goals is a difficult job with a strong regional qual-

ity, and should be demonstrated and researched completely.

Study of the coordination mechanism between

ecological goals and other reservoir objectives

Though this article presents a coordination mechanism

between ecological goals and other reservoir objectives,

the question is not solved completely. The time-based key

objective precedence method can be used to address the

conflict of objectives of a single reservoir. However, as for

the ecological operation of a cascading reservoir or basin

scale, its complexity is multiple. Issues such as optimization

of flood control capacity and the hydrological relation and

power transmission between cascading reservoirs have

posed serious problems to the realization of ecological

goals. Therefore, the objective coordination research

between cascade reservoirs remains the core content of

future river ecological operation research.

Study of ecology-oriented reservoir operation graph

To normalize ecological operation, it is necessary to draw

up related operation rules or graphs. Ecological water

requirements have multi-scale characteristics and do not

match the conventional scale of the operation graph, so

many ecological water requirements cannot be fulfilled by

conventional operation graph. Therefore, it is important to

study the operation graph that can reflect more detailed
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operating rules so that it can be used to guide the practice of

ecological operation as a vital step from theoretical study to

practical application.

Design of ecological hydraulic structure

Hydraulic structure is the physical base for ecological oper-

ation. However, the limits of the current stage, the

ecological requirements in the reservoir areas or the down-

stream areas are not considered in the design process, so

many ecological operation measures are difficult to

implement, such as water temperature adjustment and aera-

tion (Gleick ). They are not easy to manage because

there are no facilities to support this. Related ecological

hydraulic architectural design must be conducted to

ensure ecological operation capability on the physical basis.

Supporting system of reservoir operation decision that

considers ecological requirements

The operation scheme rotational correction mechanism is a

man–machine interaction process. To realize such interac-

tive rotational correction, it is necessary to set up a

decision support platform. This platform can be used to

release decision information, receive and summarize feed-

back information, and organize experts to discuss and

formulate decisions and opinions so as to ensure scientific

and accurate decision making on ecological operation. It

can be predicted that the ecological operation decision sup-

port system will be the integrated body of associated

research results for future ecological operation as an impor-

tant safeguard of ecological operation process, therefore,

focus should be placed on it in future studies.
CONCLUSIONS AND PROSPECTS

Watershed ecological operation is a major event that has a

huge impact on the whole watershed, especially the regional

ecology of waters downstream of the dams. Therefore, the

operation shall be carried out in accordance with the preser-

vation requirements of watershed biological resources.

Good river protection can maintain the basic biological

process and life support system, protect gene diversity, and
ensure the sustainability of species and the ecosystem. This

paper mainly describes how important it is to maintain the

eco-hydrological relation and build a harmonious man–

water relationship in current and future river basin manage-

ment. From the perspective of the importance of river

ecological environmental management and the restoration

process, this paper has summarized the existing research

results, concluded the basic conceptions and connotations

of ecological reservoir operation, analyzed the current situ-

ation and problems of ecological operation research, and

presented a basic framework for ecological operation

models based on multi-scale coupling mechanisms, objec-

tive coordination mechanisms, characteristic water flow

generation mechanisms and operation scheme rotational

correction mechanisms. Based on the model structure and

research orientation, the subfields and themes for future

prioritized research are proposed to lay a theoretical basis

for further research of river ecological operation.

Watershed ecological operation is a multidisciplinary

and complicated systematic engineering issue. Even

though achievements have been made as elaborated in the

paper, due to the complexity of the issue, deficiencies may

be detected and much further research is still needed.

Currently, there lack monitoring systems and networks

related to the evaluation of watershed ecological effects,

the void of actual observation materials before and after

the hydraulic engineering also brings a great deal of diffi-

culty. We should improve the ecological environment data

collection work, set up the original data base, proceed

with ecological monitoring and analyzing works before

and after the impact of human activities on the environ-

ment, so as to build an effective supervision and

management system, which will facilitate the smooth com-

pletion of the evaluation work.

The flow capacity of watershed ecological environment

needs to be further boosted. To achieve the reasonable allo-

cation of water resources and to ensure the flow capacity of

the ecological environment of river courses, it is necessary

to conduct hierarchical analysis of water utilization, so as

to coordinate the relationship between ecological environ-

ment water demand and social and ecological water

demand.

Relevant models need further perfection. It is necessary

to enrich the operation model and methods of hydraulic
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engineering, and fully consider the pulse discharge, nutrient

concentration and other ecological elements, all of which

will provide technical support for promoting the efficiency

of ecological operation.

Economic evaluation is missed out during the consider-

ation of operation strategies. The evaluation is delivered

centering on water supply guarantee rate, annual rate of

water shortage, depth of water shortage, and periods of

the maximum continued shortage, which has mainly taken

social benefit and evaluation into consideration and

missed out the evaluation of ecological benefit. Therefore,

while optimizing the objective function setting of the eco-

logical operation of hydraulic engineering, aside from the

maximum water supply (minimum water shortage) index,

ecological indexes (such as power benefit) shall also be

put on the table, so as to select the operation strategy

comprehensively.
CONFLICTS OF INTEREST

The authors declare that they have no conflicts of interest in

this work.
ACKNOWLEDGEMENTS

This research was funded by the National Natural Science

Foundation of China (Grant No. 51379219, 51579248,

41371187) and the National Social Science Foundation of

China (Grant No. 14BGL205).
REFERENCES
Abson, D. J., Wehrden, H. V., Baumgärtner, S., Fischer, J.,
Hanspach, J., Härdtle, W., Heinrichs, H., Klein, A. M., Lang,
D. J., Martens, P. & Walmsley, D.  Ecosystem services as
a boundary object for sustainability. Ecol. Econ. 103 (3),
29–37.

Adger, W. N., Dessai, S., Goulden, M., Hulme, M., Lorenzoni, I.,
Nelson, D. R., Naess, L. O., Wolf, J. & Wreford, A. 
Are there social limits to adaptation to climate change?
Clim. Change 93 (3–4), 335–354.

Agarwal, C., Green, G. M., Grove, J. M., Evans, T. P. &
Schweik, C. M.  A Review and Assessment of Land-
use Change Models: Dynamics of Space, Time, and Human
Choice, Vol. 297. US Department of Agriculture, Forest
Service, Northeastern Research Station, Newton
Square, PA.

Alexander, P., Rounsevell, M. D. A., Dislich, C., Dodson, J. R.,
Engström, K. &Moran, D. Drivers for global agricultural
land use change: the nexus of diet, population, yield and
bioenergy. Glob. Environ. Change 35, 138–147.

Bangash, R. F., Passuello, A., Sanchez-Canales, M., Terrado, M.,
López, A., Elorza, F. J., Ziv, G., Acuña, V. & Schuhmacher,
M.  Ecosystem services in Mediterranean river basin:
climate change impact on water provisioning and erosion
control. Sci. Total Environ. 458–460 (3), 246–255.

Bateman, I. J., Harwood, A. R. & Mace, G. M.  Bringing
ecosystem services into economic decision-making: land use
in the United Kingdom. Science 341 (6141), 45–50.

Berkes, F.  Evolution of co-management: role of knowledge
generation, bridging organizations and social learning.
J. Environ. Manage. 90 (5), 1692–1702.

Bond, A., Morrison-Saunders, A. & Pope, J.  Sustainability
assessment: the state of the art. Impact Assess. Proj. Apprais.
30, 53–62.

Bond, A., Morrison-Saunders, A., Gunn, J. A. E., Pope, J. & Retief,
F.  Managing uncertainty, ambiguity and ignorance in
impact assessment by embedding evolutionary resilience,
participatory modelling and adaptive management.
J. Environ. Manage. 151, 97–104.

Booth, E. G., Qiu, J., Carpenter, S. R., Schatz, J., Chen, X., Kucharik,
C. J., Loheide, S. P., Motew, M. M., Seifert, J. M. & Turner,
M. G.  From qualitative to quantitative environmental
scenarios. Environ. Model. Softw. 85 (C), 80–97.

Brinkley, W., Wolf, K. L. & Blahna, D. J.  Stewardship
footprints and potential ecosystem recovery: Preliminary
data for Seattle and Puget Sound. In: Linking Science and
Society: Proceedings of Emerging Issues Along Urban/Rural
Interfaces III (D. N. Laband, ed.). Linking Science and
Society, Atlanta, GA, pp. 24–30.

Brown, C., Ghile, Y., Laverty, M. & Li, M.  Decision scaling:
linking bottom-up vulnerability analysis with climate
projections in the water sector. Water Resour. Res. 48 (9),
9537.

Cadieux, K. V. & Taylor, L.  Landscape and the Ideology of
Nature in Exurbia: Green Sprawl. Taylor and Francis,
Routledge.

Cash, D. W., Clark, W. C., Alcock, F., Dickson, N. M., Eckley, N.,
Guston, D. H., Jager, J. & Mitchell, R. B.  Knowledge
systems for sustainable development. Proc. Natl. Acad. Sci.
U S A 100 (14), 8086–8091.

Chon, T. S.  Self-organizing maps applied to ecological
sciences. Ecol. Inform. 6 (1), 50–61.

Christin, Z., Stanon, T. & Flores, L.  Nature’s Value From
Cities to Forests: A Framework to Measure Ecosystem
Services Along the Urban-Rural Gradient. Earth Economics,
Tacoma, WA. Available from: https://drive.google.com/file/
d/0ByzlUWI76gWVUkEtcC1DVk1yaGc/view2014Cohn.
www.manaraa.com

http://dx.doi.org/10.1016/j.ecolecon.2014.04.012
http://dx.doi.org/10.1016/j.ecolecon.2014.04.012
http://dx.doi.org/10.1007/s10584-008-9520-z
http://dx.doi.org/10.1016/j.gloenvcha.2015.08.011
http://dx.doi.org/10.1016/j.gloenvcha.2015.08.011
http://dx.doi.org/10.1016/j.gloenvcha.2015.08.011
http://dx.doi.org/10.1016/j.scitotenv.2013.04.025
http://dx.doi.org/10.1016/j.scitotenv.2013.04.025
http://dx.doi.org/10.1016/j.scitotenv.2013.04.025
http://dx.doi.org/10.1126/science.1234379
http://dx.doi.org/10.1126/science.1234379
http://dx.doi.org/10.1126/science.1234379
http://dx.doi.org/10.1016/j.jenvman.2008.12.001
http://dx.doi.org/10.1016/j.jenvman.2008.12.001
http://dx.doi.org/10.1080/14615517.2012.661974
http://dx.doi.org/10.1080/14615517.2012.661974
http://dx.doi.org/10.1016/j.jenvman.2014.12.030
http://dx.doi.org/10.1016/j.jenvman.2014.12.030
http://dx.doi.org/10.1016/j.jenvman.2014.12.030
http://dx.doi.org/10.1016/j.envsoft.2016.08.008
http://dx.doi.org/10.1016/j.envsoft.2016.08.008
http://dx.doi.org/10.1029/2011WR011212
http://dx.doi.org/10.1029/2011WR011212
http://dx.doi.org/10.1029/2011WR011212
http://dx.doi.org/10.1073/pnas.1231332100
http://dx.doi.org/10.1073/pnas.1231332100
http://dx.doi.org/10.1016/j.ecoinf.2010.11.002
http://dx.doi.org/10.1016/j.ecoinf.2010.11.002
https://drive.google.com/file/d/0ByzlUWI76gWVUkEtcC1DVk1yaGc/view2014Cohn
https://drive.google.com/file/d/0ByzlUWI76gWVUkEtcC1DVk1yaGc/view2014Cohn
https://drive.google.com/file/d/0ByzlUWI76gWVUkEtcC1DVk1yaGc/view2014Cohn


305 S. Lu et al. | Watershed ecological regulation and control system Journal of Water and Climate Change | 09.2 | 2018
Clark, W. A.  Residential mobility and the housing market. In:
The SAGE Handbook of Housing Studies (D. A. Clapham,
W. A. V. Clark & K. Gibb, eds). Sage Publications Ltd,
London, pp. 66–83.

Clark, W. C., Tomich, T. P., Van, N. M., Guston, D., Catacutan, D.,
Dickson, N. M. & McNie, E.  Boundary work for
sustainable development: natural resource management at the
Consultative Group on International Agricultural Research
(CGIAR). Proc. Natl. Acad. Sci. U S A 113, 4615–4622.

Conrad, C. C. & Hilchey, K. G.  A review of citizen science
and community-based environmental monitoring: issues
and opportunities. Environ. Monit. Assess. 176 (1–4),
273–291.

Cortner, H. J. & Moote, M. A.  Trends and issues in land and
water resources management: setting the agenda for change.
Environ. Manage. 18, 167–173.

Crossman, N. D., Burkhard, B., Nedkov, S., Willemen, L., Petz, K.,
Palomo, I., Drakou, E. G., Martín-Lopez, B., McPhearson, T.,
Boyanova, K., Alkemade, R., Egoh, B., Dunbar, M. B. &
Maes, J.  A blueprint for mapping and modelling
ecosystem services. Ecosyst. Srvcs. 4, 4–14.

Daniell, W., Gould, L., Cummings, B. J., Childers, J. & Lenhart, A.
Health Impact Assessment: Duwamish Cleanup Plan for
the Lower DuwamishWaterway Superfund Site. University of
Washington, School of Public Health. Available from: http://
deohs.washington.edu/sites/default/files/research/
HIAfinalreport10-15-13lowres.pdf.

Daniels, J. M., Robbins, A. S. T., Brinkley, W. R., Wolf, K. L. &
Chase, J. M.  Toward estimating the value of stewardship
volunteers: a cost-based valuation approach in King County,
Washington. Urban Forest. Urban Green. 13 (2), 285–289.

Danielsen, F., Burgess, N. D., Jensen, P. M. & Pirhofer-Walzl, K.
 Environmental monitoring: the scale and speed of
implementation varies according to the degree of people’s
involvement. J. Appl. Ecol. 47 (6), 1166–1168.

Danielsen, F., Adrian, T., Brofeldt, S., Noordwijk, M. V., Poulsen,
M. K., Rahayu, S., Rutishauser, E., Theilade, I., Widayati, A.,
An, N. T., Bang, T. N., Budiman, A., Enghoff, E. M., Jensen,
A. E., Kurniawan, Y., Li, Q. H., Zhao, M. X., Schmidt-Vogt,
D., Prixa, S., Thoumtone, V., Warta, Z. & Burgess, N. 
Community monitoring for reddþ : international promises
and field realities. Ecol. Soc. 18 (3), 261–272.

Daw, T., Brown, K., Rosendo, S. & Pomeroy, R.  Applying the
ecosystem services concept to poverty alleviation: the need
to disaggregate human well-being. Environ. Conserv. 38,
370–379.

De Groot, R. S., Alkemade, R., Braat, L., Hein, L. & Willemen, L.
 Challenges in integrating the concept of ecosystem
services and values in landscape planning, management and
decision making. Ecol. Complex. 7, 260–272.

Deng, J., Sun, P. S., Zhao, F. Z., Han, X. H., Yang, G. H. & Feng,
Y. Z.  Analysis of the ecological conservation behavior of
farmers in payment for ecosystem service programs in eco-
environmentally fragile areas using social psychology
models. Sci. Total Environ. 550, 382–390.
Dickinson, J. L., Zuckerberg, B. & Bonter, D. N.  Citizen
science as an ecological research tool: challenges and
benefits. Ann. Rev. Ecol. Evol. System. 41 (1), 149–172.

Dietz, L. A., Brown, M. & Swaminathan, V.  Increasing the
impact of conservation projects. Am. J. Primatol. 72 (5),
425–440.

Dong, M., Bryan, B. A., Connor, J. D., Nolan, M. & Gao, L. 
Land use mapping error introduces strongly-localised, scale-
dependent uncertainty into land use and ecosystem services
modelling. Ecosyst. Srvcs. 15, 63–74.

Ellison, D., Morris, C. E., Locatelli, B., Sheil, D., Cohen, J.,
Murdiyarso, D., Gutierrez, V., Noordwijk, M. V., Creed, I. F.,
Pokorny, J., Gaveau, D., Spracklen, D. V., Tobella, A. B.,
Ilstedt, U., Teuling, A. J., Gebrehiwot, S. G., Sands, D. C.,
Muys, B. & Sullivan, C. A.  Trees, forests and water: cool
insights for a hot world.Glob. Environ. Change 43 (51), 51–61.

Fishery Resource Research on Yellow River System 1987 Journal of
Dalian Fisheries University.

Frey, U. J. & Rusch, H.  Using artificial neural networks for the
analysis of social ecological systems.Ecol. Soc. 18 (2), 344–365.

Geneletti, D., Zardo, L. & Cortonovis, C.  Nature-based
solutions for climate adaptation: Case studies in impact
assessment for urban planning. In:Handbook on Biodiversity
and Ecosystem Services in Impact Assessment (D. Geneletti,
ed.). Edward Elgar Publishing, Cheltenham, UK.

Gleick, P. H.  A look at twenty-first century water resources
development. Water Int. 25, 127–138.

Gudimov, A., O’Connor, E., Dittrich, M., Jarjanazi, H., Palmer,
M. E., Stainsby, E. & Arhonditsis, G. B.  Continuous
Bayesian network for studying the causal links between
phosphorus loading and plankton patterns in Lake Simcoe,
Ontario, Canada. Environ. Sci. Technol. 46 (13), 7283–7292.

Gudimov, A., Kim, D. K., Young, J. D., Palmer, M. E., Dittrich, M.,
Winter, J. G., Stainsby, E. & Arhonditsis, G. B. 
Examination of the role of dreissenids and macrophytes in
the phosphorus dynamics of Lake Simcoe, Ontario, Canada.
Ecol. Inform. 26, 36–53.

Ha, J. Y., Hanazato, T., Chang, K. H., Jeong, K. S. & Kim, D. K.
 Assessment of the lake biomanipulation mediated by
piscivorous rainbow trout and herbivorous daphnids using a
self-organizing map: a case study in Lake Shirakaba, Japan.
Ecol. Inform. 29 (1), 182–191.

Hipsey, M. R., Hamilton, D. P., Hanson, P. C., Carey, C. C., Coletti,
J. Z., Read, J. S., Ibelings, B. W., Valesini, F. J. & Brookes, J. D.
 Predicting the resilience and recovery of aquatic systems: a
framework for model evolution within environmental
observatories. Water Resour. Res. 51 (9), 7023–7043.

Ibisch, P. L., Hoffmann, M. T., Kreft, S., Pe’Er, G., Kati, V., Biber-
Freudenberger, L., DellaSala, D. A., Vale, M. M., Hobson,
P. R. & Selva, N.  A global map of roadless areas and
their conservation status. Science 354 (6318), 1423.

Kandziora, M., Burkhard, B. & Müller, F.  Mapping
provisioning ecosystem services at the local scale using data
of varying spatial and temporal resolution. Ecosyst. Srvcs.
4 (18), 47–59.
www.manaraa.com

http://dx.doi.org/10.1073/pnas.0900231108
http://dx.doi.org/10.1073/pnas.0900231108
http://dx.doi.org/10.1073/pnas.0900231108
http://dx.doi.org/10.1073/pnas.0900231108
http://dx.doi.org/10.1007/s10661-010-1582-5
http://dx.doi.org/10.1007/s10661-010-1582-5
http://dx.doi.org/10.1007/s10661-010-1582-5
http://dx.doi.org/10.1007/BF02393759
http://dx.doi.org/10.1007/BF02393759
http://dx.doi.org/10.1016/j.ecoser.2013.02.001
http://dx.doi.org/10.1016/j.ecoser.2013.02.001
http://deohs.washington.edu/sites/default/files/research/HIAfinalreport10-15-13lowres.pdf
http://deohs.washington.edu/sites/default/files/research/HIAfinalreport10-15-13lowres.pdf
http://deohs.washington.edu/sites/default/files/research/HIAfinalreport10-15-13lowres.pdf
http://deohs.washington.edu/sites/default/files/research/HIAfinalreport10-15-13lowres.pdf
http://dx.doi.org/10.1016/j.ufug.2014.01.004
http://dx.doi.org/10.1016/j.ufug.2014.01.004
http://dx.doi.org/10.1016/j.ufug.2014.01.004
http://dx.doi.org/10.1111/j.1365-2664.2010.01874.x
http://dx.doi.org/10.1111/j.1365-2664.2010.01874.x
http://dx.doi.org/10.1111/j.1365-2664.2010.01874.x
http://dx.doi.org/10.5751/ES-05464-180341
http://dx.doi.org/10.5751/ES-05464-180341
http://dx.doi.org/10.5751/ES-05464-180341
http://dx.doi.org/10.1017/S0376892911000506
http://dx.doi.org/10.1017/S0376892911000506
http://dx.doi.org/10.1017/S0376892911000506
http://dx.doi.org/10.1016/j.ecocom.2009.10.006
http://dx.doi.org/10.1016/j.ecocom.2009.10.006
http://dx.doi.org/10.1016/j.ecocom.2009.10.006
http://dx.doi.org/10.1016/j.scitotenv.2016.01.152
http://dx.doi.org/10.1016/j.scitotenv.2016.01.152
http://dx.doi.org/10.1016/j.scitotenv.2016.01.152
http://dx.doi.org/10.1016/j.scitotenv.2016.01.152
http://dx.doi.org/10.1146/annurev-ecolsys-102209-144636
http://dx.doi.org/10.1146/annurev-ecolsys-102209-144636
http://dx.doi.org/10.1146/annurev-ecolsys-102209-144636
http://dx.doi.org/10.1002/ajp.20801
http://dx.doi.org/10.1002/ajp.20801
http://dx.doi.org/10.1016/j.ecoser.2015.07.006
http://dx.doi.org/10.1016/j.ecoser.2015.07.006
http://dx.doi.org/10.1016/j.ecoser.2015.07.006
http://dx.doi.org/10.1016/j.gloenvcha.2017.01.002
http://dx.doi.org/10.1016/j.gloenvcha.2017.01.002
http://dx.doi.org/10.5751/ES-05202-180240
http://dx.doi.org/10.5751/ES-05202-180240
http://dx.doi.org/10.1080/02508060008686804
http://dx.doi.org/10.1080/02508060008686804
http://dx.doi.org/10.1021/es300983r
http://dx.doi.org/10.1021/es300983r
http://dx.doi.org/10.1021/es300983r
http://dx.doi.org/10.1021/es300983r
http://dx.doi.org/10.1016/j.ecoinf.2014.11.007
http://dx.doi.org/10.1016/j.ecoinf.2014.11.007
http://dx.doi.org/10.1016/j.ecoinf.2014.05.013
http://dx.doi.org/10.1016/j.ecoinf.2014.05.013
http://dx.doi.org/10.1016/j.ecoinf.2014.05.013
http://dx.doi.org/10.1002/2015WR017175
http://dx.doi.org/10.1002/2015WR017175
http://dx.doi.org/10.1002/2015WR017175
http://dx.doi.org/10.1126/science.aaf7166
http://dx.doi.org/10.1126/science.aaf7166
http://dx.doi.org/10.1016/j.ecoser.2013.04.001
http://dx.doi.org/10.1016/j.ecoser.2013.04.001
http://dx.doi.org/10.1016/j.ecoser.2013.04.001


306 S. Lu et al. | Watershed ecological regulation and control system Journal of Water and Climate Change | 09.2 | 2018
Lu, S. B., Zhang, X. L. & Bao, H. J. a Review of social water
cycle research in a changing environment. Renew. Sustain.
Energy Rev. 63, 132–140.

Lu, S. B., Zhang, X. L. & Wang, J. H. b Impacts of different
media on constructed wetlands for rural household sewage
treatment. J. Clean. Prod. 127, 325–330.

Lu, S. B., Zhang, X. L. & Pei, L. c Influence of drip irrigation
by reclaimed water on the dynamic change of the nitrogen
element in soil and tomato yield and quality. J. Clean. Prod.
139 (15), 561–566.

Lu, S. B., Shang, Y. Z. & Li, Y. W.  A research on the
application of fuzzy iteration clustering in the water
conservancy project. J. Clean. Prod. 151, 356–360.

Lu, S. B., Shang, Y. Z., Li, W., Peng, Y. & Wu, X. H. 
Economic benefit analysis of joint operation of cascaded
reservoirs. J. Clean. Prod. 179, 731–737.

Maes, J., Egoh,B.,Willemen,L., Liquete,C.,Vihervaara,P., Schägner,
J. P., Grizzetti, B., Drakou, E. G., Notte, A. L., Zulian, G.,
Bouraoui, F., Luisa Paracchini, M., Braat, L. & Bidoglio, G. 
Mapping ecosystem services for policy support and decision
making in the European Union. Ecosyst. Svcs. 1 (1), 31–39.

Mandle, L., Bryant, B. P., Ruckelshaus, M., Geneletti, D.,
Kiesecker, J. M. & Pfaff, A.  Entry points for considering
ecosystem services within infrastructure planning: how to
integrate conservation with development in order to aid them
both. Conserv. Lett. 9 (3), 221–227.

Mayer, A. L., Donovan, R. P. & Pawlowski, C. W. 
Information and entropy theory for the sustainability of
coupled human and natural systems. Ecol. Soc. 19 (3), 11.

McClain, M. E., Boyer, E. W., Dent, C. L., Gergel, S. E., Grimm,
N. B., Groffman, P. M., Hart, S. C., Harvey, J. W., Johnston,
C. A., Mayorga, E., McDowell, W. H. & Pinay, G. 
Biogeochemical hot spots and hot moments at the interface of
terrestrial and aquatic ecosystems. Ecosystems 6 (4), 301–312.

Pagella, T. F. & Sinclair, F. L.  Development and use of a
typology of mapping tools to assess their fitness for
supporting management of ecosystem service provision.
Landsc. Ecol. 29, 383–399.

Pahl-Wostl, C., Jeffrey, P., Isendahl,N.&Brugnach,M. Maturing
the new water management paradigm: progressing from
aspiration to practice. Water Resour. Manage. 25, 837–856.

Parker, J. & Crona, B.  On being all things to all people:
boundary organizations and the contemporary research
university. Soc. Stud. Sci. 42, 262–289.

Plieninger, T., Dijks, S., Oterosrozas, E. & Bieling, C. 
Assessing, mapping, and quantifying cultural ecosystem
services at community level. Land Use Pol. 33 (14), 118–129.

Polasky, S., Nelson, E., Camm, J., Csuti, B., Fackler, P. &
Lonsdorf, E.  Where to put things? Spatial land
management to sustain biodiversity and economic returns.
Biol. Conserv. 141, 1505–1524.

Popescu, V. D., Rozylowicz, L., Niculae, I. M., Cucu, A. L. &
Hartel, T.  Species, habitats, society: an evaluation of
research supporting EU’s Natura 2000 network. Plos One
9 (11), e113648.

Rieman, B. & Wallenburn, J.  Water Quality Monitoring to
Determine the Influence of Roads and Road Restoration
on Turbidity and Downstream Nutrients: A Pilot Study
with Citizen Science. Retrieved from: http://goo.gl/
EV6NDw.

Ruckelshaus, M., Mckenzie, E., Tallis, H., Guerry, A., Daily, G.,
Kareiva, P., Wood, S. A. & Bernhardt, J.  Notes from the
field: lessons learned from using ecosystem service
approaches to inform real-world decisions. Ecol. Econ. 115,
11–21.

Serpa, D., Nunes, J. P., Santos, J., Sampaio, E., Jacinto, R., Veiga,
S., Lima, J. C., Moreira, M., Corte-Real, J., Keizer, J. J. &
Abrantes, N.  Impacts of climate and land use changes
on the hydrological and erosion processes of two
contrasting Mediterranean catchments. Sci. Total Environ.
538, 64–77.

Shang, Y. Z., Lu, S. B., Shang, L., Li, X. F., Wei, Y. P., Lei, X. H.,
Wang, C. & Li, W.  Decomposition methods for
analyzing changes of industrial water use. J. Hydrol. 543 (12),
808–817.

Van Delden, H., Seppelt, R., White, R. & Jakeman, A. J.  A
methodology for the design and development of integrated
models for policy support. Environ. Model. Softw. 26 (3),
266–279.

Vovik, O.  Non-pollen Palynomorphs and Thecamoebians as
Proxies of Environmental and Anthropogenic Change: A
Case Study From Lake Simcoe, Ontario, Canada. Master’s
thesis. Brock University. Retrieved from: http://goo.gl/
VOTQ5A.

Vreese, R. D., Leys, M., Dendoncker, N., Herzele, A. V. &
Fontaine, C. M.  Images of nature as a boundary object
in social and integrated ecosystem services assessments.
Reflections from a Belgian case study. Ecosyst. Srvcs. 22,
269–279.

Weaver, A., Pope, J., Morrison-Saunders, A. & Lochner, P.
 Contributing to sustainability as an environmental
impact assessment practitioner. Proj. Apprais. 26 (2), 91–98.

Zehe, E., Ehret, U., Pfister, L., Blume, T. & Schroder, B. 
HESS opinions: from response units to functional units:
a thermodynamic reinterpretation of the HRU concept
to link spatial organization and functioning of
intermediate scale catchments. Hydrol. Earth Syst. Sci. 11,
4635–4655.
First received 2 February 2018; accepted in revised form 19 March 2018. Available online 17 April 2018
www.manaraa.com

http://dx.doi.org/10.1016/j.rser.2016.04.071
http://dx.doi.org/10.1016/j.rser.2016.04.071
http://dx.doi.org/10.1016/j.jclepro.2016.03.166
http://dx.doi.org/10.1016/j.jclepro.2016.03.166
http://dx.doi.org/10.1016/j.jclepro.2016.03.166
http://dx.doi.org/10.1016/j.jclepro.2016.08.013
http://dx.doi.org/10.1016/j.jclepro.2016.08.013
http://dx.doi.org/10.1016/j.jclepro.2016.08.013
http://dx.doi.org/10.1016/j.jclepro.2017.02.064
http://dx.doi.org/10.1016/j.jclepro.2017.02.064
http://dx.doi.org/10.1016/j.jclepro.2017.02.064
http://dx.doi.org/10.1016/j.jclepro.2017.08.140
http://dx.doi.org/10.1016/j.jclepro.2017.08.140
http://dx.doi.org/10.1016/j.ecoser.2012.06.004
http://dx.doi.org/10.1016/j.ecoser.2012.06.004
http://dx.doi.org/10.1111/conl.12201
http://dx.doi.org/10.1111/conl.12201
http://dx.doi.org/10.1111/conl.12201
http://dx.doi.org/10.1111/conl.12201
http://dx.doi.org/10.5751/ES-06626-190311
http://dx.doi.org/10.5751/ES-06626-190311
http://dx.doi.org/10.1007/s10021-003-0161-9
http://dx.doi.org/10.1007/s10021-003-0161-9
http://dx.doi.org/10.1007/s10980-013-9983-9
http://dx.doi.org/10.1007/s10980-013-9983-9
http://dx.doi.org/10.1007/s10980-013-9983-9
http://dx.doi.org/10.1007/s11269-010-9729-2
http://dx.doi.org/10.1007/s11269-010-9729-2
http://dx.doi.org/10.1007/s11269-010-9729-2
http://dx.doi.org/10.1177/0306312711435833
http://dx.doi.org/10.1177/0306312711435833
http://dx.doi.org/10.1177/0306312711435833
http://dx.doi.org/10.1016/j.landusepol.2012.12.013
http://dx.doi.org/10.1016/j.landusepol.2012.12.013
http://dx.doi.org/10.1016/j.biocon.2008.03.022
http://dx.doi.org/10.1016/j.biocon.2008.03.022
http://dx.doi.org/10.1371/journal.pone.0113648
http://dx.doi.org/10.1371/journal.pone.0113648
http://goo.gl/EV6NDw
http://goo.gl/EV6NDw
http://goo.gl/EV6NDw
http://dx.doi.org/10.1016/j.ecolecon.2013.07.009
http://dx.doi.org/10.1016/j.ecolecon.2013.07.009
http://dx.doi.org/10.1016/j.ecolecon.2013.07.009
http://dx.doi.org/10.1016/j.scitotenv.2015.08.033
http://dx.doi.org/10.1016/j.scitotenv.2015.08.033
http://dx.doi.org/10.1016/j.scitotenv.2015.08.033
http://dx.doi.org/10.1016/j.jhydrol.2016.10.053
http://dx.doi.org/10.1016/j.jhydrol.2016.10.053
http://dx.doi.org/10.1016/j.envsoft.2010.03.021
http://dx.doi.org/10.1016/j.envsoft.2010.03.021
http://dx.doi.org/10.1016/j.envsoft.2010.03.021
http://goo.gl/VOTQ5A
http://goo.gl/VOTQ5A
http://goo.gl/VOTQ5A
http://dx.doi.org/10.1016/j.ecoser.2016.06.008
http://dx.doi.org/10.1016/j.ecoser.2016.06.008
http://dx.doi.org/10.1016/j.ecoser.2016.06.008
http://dx.doi.org/10.3152/146155108X316423
http://dx.doi.org/10.3152/146155108X316423
http://dx.doi.org/10.5194/hess-18-4635-2014
http://dx.doi.org/10.5194/hess-18-4635-2014
http://dx.doi.org/10.5194/hess-18-4635-2014
http://dx.doi.org/10.5194/hess-18-4635-2014


www.manaraa.com

Reproduced with permission of copyright owner. Further reproduction
prohibited without permission.


	Basic theories and methods of watershed ecological regulation and control system
	INTRODUCTION
	CONNOTATION OF ECOLOGICAL OPERATION
	STATUS QUO AND PROBLEMS CONCERNING ECOLOGICAL OPERATION
	Insufficient basic data
	Ecological control objectives
	Coordination of ecological goals and socioeconomic goals
	Complexity of basin ecological operation
	Long-term effectiveness of ecological operation

	KEY TECHNOLOGIES FOR ECOLOGICAL OPERATION
	Multi-scale coupling mechanism
	Objective coordination mechanism
	Mechanism for generation of characteristic water flow
	Rotational correction mechanism of operation scheme

	CONSTRUCTION OF THE ECOLOGICAL OPERATION MODEL SYSTEM
	AREAS THAT NEED DETAILED STUDY
	Improvement of ecological monitoring network
	Study of ecological safety evaluation system
	Study of ecological objective identification
	Study of the coordination mechanism between ecological goals and other reservoir objectives
	Study of ecology-oriented reservoir operation graph
	Design of ecological hydraulic structure
	Supporting system of reservoir operation decision that considers ecological requirements

	CONCLUSIONS AND PROSPECTS
	CONFLICTS OF INTEREST
	This research was funded by the National Natural Science Foundation of China (Grant No. 51379219, 51579248, 41371187) and the National Social Science Foundation of China (Grant No. 14BGL205).
	REFERENCES


