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Abstract. The complex interactions and feedbacks between
humans and water are critically important issues but remain
poorly understood in the newly proposed discipline of socio-
hydrology (Sivapalan et al., 2012). An exploratory model
with the appropriate level of simplification can be valuable
for improving our understanding of the co-evolution and
self-organization of socio-hydrological systems driven by
interactions and feedbacks operating at different scales. In
this study, a simplified conceptual socio-hydrological model
based on logistic growth curves is developed for the Tarim
River basin in western China and is used to illustrate the ex-
planatory power of such a co-evolutionary model. The study
area is the main stream of the Tarim River, which is divided
into two modeling units. The socio-hydrological system is
composed of four sub-systems, i.e., the hydrological, eco-
logical, economic, and social sub-systems. In each modeling
unit, the hydrological equation focusing on water balance is
coupled to the other three evolutionary equations to repre-
sent the dynamics of the social sub-system (denoted by pop-
ulation), the economic sub-system (denoted by irrigated crop
area ratio), and the ecological sub-system (denoted by natural
vegetation cover), each of which is expressed in terms of a lo-
gistic growth curve. Four feedback loops are identified to rep-
resent the complex interactions among different sub-systems
and different spatial units, of which two are inner loops oc-
curring within each separate unit and the other two are outer
loops linking the two modeling units. The feedback mech-

anisms are incorporated into the constitutive relations for
model parameters, i.e., the colonization and mortality rates
in the logistic growth curves that are jointly determined by
the state variables of all sub-systems. The co-evolution of the
Tarim socio-hydrological system is then analyzed with this
conceptual model to gain insights into the overall system dy-
namics and its sensitivity to the external drivers and internal
system variables. The results show a costly pendulum swing
between a balanced distribution of socio-economic and nat-
ural ecologic resources among the upper and lower reaches
and a highly skewed distribution towards the upper reach.
This evolution is principally driven by the attitudinal changes
occurring within water resources management policies that
reflect the evolving community awareness of society to con-
cerns regarding the ecology and environment.

1 Introduction

In the emergent Anthropocene, the competition for water
between humans and ecosystems leads to complex inter-
actions between hydrologic and social systems. They play
fundamental roles in the co-evolutionary history of coupled
human-nature systems as well as their possible future trajec-
tories. Furthermore, the nature of such interactions is always
changing as social and natural conditions change. Over time,
they generate new connections and, in particular, additional
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significant feedbacks that need to be understood, assessed,
modeled and predicted (Montanari et al., 2013). These feed-
back mechanisms between the hydrological and social sys-
tems are often ignored in traditional hydrology. For example,
water consumption activities and landscape changes driven
by humans are usually prescribed as external forcings in hy-
drologic models. The underlying assumption here is station-
arity (Milly et al., 2008; Peel and Bloschl, 2011) in spite of
the fact that water-related human actions turn out to be inter-
nal (endogenous) processes of the coupled socio-hydrologic
system and evolve constantly. Also, human actions tend to
be treated as static and externally prescribed in traditional
water resources planning and management. A prominent ex-
ample is the “scenario-based” approach used to represent fu-
ture state(s) of the coupled socio-hydrological system in the
science of integrated water resources management. Conse-
quently, possible evolutionary trajectories of human—water
systems cannot be fully explored or predicted. To address
this deficiency, a new trans-disciplinary science of socio-
hydrology has been proposed which aims at understanding
and predicting the dynamics and co-evolution of coupled
human-water systems (Sivapalan et al., 2012).

There are three avenues through which socio-hydrology
can advance (Sivapalan et al., 2012), i.e., historical socio-
hydrology, comparative socio-hydrology, and process socio-
hydrology. Besides, motivated by the success of hydrolog-
ical modeling in traditional hydrology towards recognizing
the limits of our understanding of hydrological processes,
the research method of numerical modeling should be in-
troduced into socio-hydrology as well to light up the three
avenues of socio-hydrologic inquiry mentioned above. Mod-
els could be used to explore new knowledge and to test the
limits of existing knowledge (as included in models) about
the complex interactions between hydrologic and social sys-
tems. We acknowledge that the interactions and associated
feedback mechanisms between hydrological and social pro-
cesses remain largely unexplored and poorly understood (Di
Baldassarre et al., 2013a) at the current state of development
of socio-hydrology. In a river basin context, we are not yet in
a position where the description of social processes in a cou-
pled socio-hydrologic model can match the level of detail in
traditional hydrologic models such as SWAT (Arnold et al.,
1998) and THREW (Tian et al., 2006, 2008). However, there
is considerable value in the development and use of simpler,
coupled models to improve our understanding of such com-
plex systems. The simplification is aimed at capturing the
most important inter-dependent relationships, and leaves out
much of the (perhaps unnecessary) detail. This is a practice
widely adopted in many other inter-disciplinary fields. For
example in the case of ecology, Levins and Culver (1971)
introduced the logistic growth function to describe vegeta-
tion dynamics, which is an idea borrowed from population
growth models (Tsoularis and Wallace, 2002). Baudena et
al. (2007) introduced the role of soil moisture into the col-
onization and extinction rates of vegetation in the form of a
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logistic function and, in this way, the soil moisture dynam-
ics was coupled to vegetation dynamics. Lin et al. (2013)
developed a simplified ecohydrological model with pulsed
atmospheric forcing to analyze non-trivial dynamic behav-
iors, both qualitatively and numerically, and confirmed the
existence of multiple stationary states. In the case of social
sciences, many researchers have intensively studied the in-
teractions and feedbacks between human society and natu-
ral resources by using simple constitutive relations. For ex-
ample, Brander and Taylor (1998) presented a model of re-
newable resource and population dynamics in the form of a
predator—prey model, with humans as the predator and re-
sources as the prey. They applied this model to the histori-
cal situation in Easter Island to show that plausible param-
eter values generate a “feast and famine” pattern of cyclical
adjustment in population and resource stocks that may have
occurred there. D’Alessandro (2007) studied the long-term
dynamic interactions between the exploitation of natural re-
sources and population growth by the harvesting production
function and found a multiplicity of steady states, which
made it possible to consider the effects of technological ad-
vances, and cultural and climate changes on the resilience of
existing development pathways. Good and Reuveny (2009)
coupled an ecological-economic model of human-resource
interaction with endogenous coupling of population growth
to economic growth. Good and Reuveny (2009) used this
model to study the abrupt collapse of the Sumerian, Maya,
Rapanui and Anasazi peoples and attributed their breakdown
to anthropogenic environmental degradation; however, in this
case resource use was not explicitly incorporated in their
model. In the area of socio-hydrology itself, there have been
a couple of pioneering studies that have shown considerable
potential in this direction. For example, Di Baldassarre et
al. (20134, b) developed a simple dynamic model to represent
the interactions and feedbacks between hydrological and so-
cial processes in the case of flooding, and found that a simple
conceptual model is able to reproduce reciprocal effects be-
tween floods and people and the generation of emergent pat-
terns from the coupled system dynamics. Along with the sim-
ple conceptual model, several researchers have focused on
the human response to environmental change. For example,
Elshafei et al. (2014) proposed a prototype framework for
models of socio-hydrology with the concept of community
sensitivity as a core for feedback between environmental and
socio-economic systems, and van Emmerik et al. (2014) sim-
ulated the co-evolution of humans and water and adopted the
concept of environmental awareness to explain dominant fea-
tures of the pendulum swing observed in the Murrumbidgee
River basin in Australia.

In this study we attempt to develop a simple conceptual
model of the co-evolution of the socio-hydrological system
in an arid inland oasis area. The Tarim River basin in the
western part of China is chosen for this study. The main
stream of the Tarim River is located in an inland hyper-arid
area, with runoff principally from the headwaters (Zhou et
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Figure 1. Location of the main stream of the Tarim River.

al., 2012). In this area, humans are heavily engaged in agri-
cultural production (other industries will be ignored here be-
cause their scales are small compared to agriculture). In the
long history of Tarim, human populations and their agricul-
tural activities have depended exclusively on water from the
Tarim River, and constantly moved with the river as it mi-
grated in response to climatic variations (Liu et al., 2014).
In the last 60 years, due to the dramatic increase of irri-
gated agriculture, the lower reach of the Tarim River has
nearly dried up (Deng, 2009), causing the degradation of the
riverine ecosystem. In order to restore the downstream eco-
logical system, the water reallocation policy was introduced
and more water has been increasingly released into the lower
reach since 2000 (Chen et al., 2010; Liu et al., 2012b). This
adjustment of the water allocation policy can be seen as a
response of the social system to the change of ecohydrolog-
ical system and thus represents a negative feedback. On the
longer timescale, streamflow, vegetation cover, human pop-
ulation and irrigated area could be exchanged between the
upper and lower reaches, which are the key co-evolutionary
processes associated with the socio-hydrologic system. Co-
evolution of the hydrological and associated systems (includ-
ing society, economy and ecology) needs to be recognized
and incorporated within a suitable modeling approach, in or-
der to predict their reaction to future human or environmen-
tal changes (Montanari et al., 2013), which is the aim of this
study.

The remainder of the paper is organized as follows. In
Sect. 2, the study area and the data used in the modeling are
introduced, which is followed by the details and justification
of the conceptual model adopted for the Tarim River basin,
which are presented in Sect. 3. Results of the model calibra-
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tion and validation are presented in Sect. 4, along with the
results of sensitivity analysis with the model. The paper con-
cludes with the main results and recommendations for future
research.

2 Study area and data
2.1 Study area

Tarim River basin (TRB) is located in western China and ex-
periences a hyper-arid climate with an annual precipitation of
50-100 mm only. It is the largest inland basin in China with
an area of 1100000 km?, most of which is covered by the
Taklimakan Desert. There are four tributaries of the Tarim
River, namely the Aksu River, Yarkand River, Hotan River,
and Konggqi River. The four tributaries serve as the main
source of water for the main stream of the Tarim River, which
originates from the point of union of the Aksu, Yarkand and
Hotan rivers (near the city of Aral in western Xinjiang) and
empties into a terminal lake (Taitema Lake). The overview
of the Tarim River basin and its river system are shown in
Fig. 1. For more details about the TRB, including especially
the historical development of the coupled socio-hydrological
system within the TRB, please refer to Chen et al. (2010) and
Liu etal. (2014).

In this study, we focus our modeling efforts on the main
stream of the Tarim River, i.e., from Aral to Taitema Lake
which is divided into two modeling units, i.e., the upper
reach, from Aral (40°31'41” N, 81°16’12” E) to Yingbazha
(41°10'28" N, 84°13'45” E), and the “middle and lower”
reach (although shortened as the lower reach hereafter in
the paper), from Yingbazha to Taitema Lake. See Fig. 2 for
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Table 1. Modeling framework for socio-hydrology co-evolution of the Tarim River.

Modeling unit System State variable Controlling factors Modeling variable (symbol)
Hydrological system  Water storage Water consumption and policy Water storage (W)
Upper reach Ecological system Natural vegetation area  Water supply Vegetation cover (V)

Economic system
Social system

Irrigated crop area
Population

Water supply and vegetation cover
Irrigated crop area and vegetation cover

Irrigated crop area Ratio (R))
Population (N)

Hydrological system
Ecological system
Economic system
Social system

Water storage

Natural vegetation area
Irrigated crop area
Population

Middle and lower reach

Water consumption and policy

Water supply

Water supply and vegetation cover
Irrigated crop area and vegetation cover

Water storage (W)
Vegetation cover (V)
Irrigated crop area Ratio (R))
Population (N)
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Figure 2. Sketch map of the main stream of the Tarim River.

more details about the discretization of the main stream of
the Tarim River into these two units.

2.2 Data

In this study the modeling period is from 1951 to 2010.
Daily precipitation and pan evaporation data from Aral and
Tikanlik (40°38' N, 87°42' E) were obtained from the data
setof SURF_CLI_CHN_MUL_DAY_V3.0 of the China Me-
teorological Data Sharing Service System. Streamflow data
at Aral and Yingbazha hydrological stations were collected
from the local hydrological bureau. Data on irrigated area
and human population size, which are supported by the main
stream of the Tarim River, have come from several statistics
yearbooks, including the Xinjiang Statistical Yearbook, Xin-
jiang Production & Construction Group Statistical Yearbook,
Tarim Petroleum Annual, and Xinjiang Fifty Years (1955—
2005).

The NDVI (normalized difference vegetation index) time
series data of reference points near the main channel of the
Tarim River are employed as the reference values to the simu-
lated regional vegetation cover. The NDVI data are extracted
from MODIS products, MODIS/Terra Vegetation Indices 16-
Day L3 Global 250m SIN Grid V005 (MOD13Q1), with
quality control. The vegetation reference point in the upper
reach (VPU) is located at 40°57’40” N, 82°25'0” E, near Aral
as shown in Fig. 2. The vegetation reference point (VPL) in
the middle and lower reach is at 41°1’10” N, 86°14’'0” E, near
Qiala.
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3 Conceptual model for socio-hydrology co-evolution

3.1 General description of the socio-hydrological
system

The socio-hydrological system associated with the Tarim
River basin is a complex network of multiple inter-connected
processes and, in order to undertake the modeling with the-
state-of-the-art understanding of the system, we assume that

1. the land use types are composed of irrigated crop field,
naturally vegetated land and bare desert;

2. the water requirement of natural vegetation in the lower
reach is mainly fed by the streamflow released from the
upper reach;

3. the released discharge from the upper reach is deter-
mined by inflow into the upper reach, degradation of
natural vegetation in the lower reach and the regional
water resources management policy.

The modeling framework for the co-evolution of the TRB
socio-hydrological system is shown in Table 1. Each mod-
eling unit includes a hydrological system, an ecological sys-
tem, a social system, and an economic system. Principally,
TRB is an agricultural society and other economic sectors
(e.g., industrial) are neglected in the economic system. The
state variables of each unit are as follows:

1. Water storage (W), in cubic meters. W represents allo-
catable water resources of the modeling unit.

2. Vegetation cover (V¢), dimensionless, in [0, 1]. V¢ rep-
resents the natural vegetation cover, which is deter-
mined by the available water. It is defined as the ratio
of the area covered by natural vegetation to the area of
the modeling unit.

3. Irrigated crop area ratio (R)), dimensionless, in [0, 1].
R, is defined as the ratio of irrigated crop area to the
area of the modeling unit.

4. Human population (N), in units of 10* persons.

www.hydrol-earth-syst-sci.net/19/1035/2015/
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In each modeling unit, four ordinary differential equa-
tions are used to describe the dynamics of the hydrologi-
cal sub-system represented by water storage, ecological sub-
system represented by natural vegetation cover, economic
sub-system represented by irrigated crop area, and social
sub-system represented by human population. The area of
the modeling unit is noted as A. The subscript “U” in the
notation represents the upper reach, and the subscript “L”
represents the lower reach.

3.2 Water balance of the hydrological sub-system

At the annual time scale, we represent the dominant hydro-
logical process of the system in terms of the water balance
equation. The water balance equation for the upper reach is
given as

dwy
—— = PyAu — EwwAuVcu — EcuAuRu

dr
— EpuAu (1 - Veu — Riu) + Qinu — Qoutu, 1)

where P is the annual precipitation, E; is the annual evapo-
transpiration from natural vegetation, E is the annual evapo-
transpiration from irrigated crop, and Ey is the annual evapo-
ration from the bare desert (all expressed in mmyr—1). We as-
sume that the precipitation falling on the bare desert is com-
pletely evaporated. The evapotranspiration terms are calcu-
lated by the following equations if there is sufficient water

supply:

Et ZkIEp,
Ec chEp,
Ep=P, 2

where Ep (mm yr~1) is the annual potential evaporation, and
ky and k. are the empirical coefficients to calculate the actual
evaporation from natural vegetation and crop, respectively.
Qinu (M3yr1) is the inflow to the upper reach, which is
taken as the observed discharge at Aral. Qouy (inm3yr=1)is
the outflow from the upper reach and is determined by Qinu,
Wu, VcL and other variables. In principle, Qqutu could be
calculated as

Qoutu = 91 (Qinu) + g2 (Wu) +4g3 (VL) , 3)

where g1, g2, and g3 are the corresponding release functions
of Qinu, Wu, and Vi, of which g1 increases with upper
reach inflow (Qinu), ¢2 increases with W, i.e., allocatable
water resource, and g3 increases with vegetation cover of
the lower reach, accounting for the government’s environ-
ment protection policy. Qqytu is calculated using the follow-
ing procedure according to present water allocation practices
in Tarim, which could be generalized in a future study.

If there is sufficient inflow from the headwaters, the
streamflow will be released to the lower reach after the water
requirements of agriculture and natural vegetation are satis-
fied (see Eq. 2). Otherwise, the outflow will be equal to the
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minimum outflow, i.e., kg Qinu, in line with the water allo-
cation policy adopted in this region, and therefore the water
requirement of agriculture and natural vegetation will not be
fully satisfied. The outflow , water consumptions from natu-
ral vegetation and irrigation are determined in the following
procedure. Qoutu IS then given as

Qoutu = max{PyAu — EwAuVeu — EcuAuRIU
—EpuAu (1= Veu — Rv) + Qinu. ko Qinu}.  (4)

After the Qoytu is determined, natural vegetation water re-
quirement may not be fully met. If this is the case, the an-
nual evapotranspiration of the natural vegetation, i.e., Ety, is
given as

PyAy — EcuAuRiu — EpuAu (1—Veu — R inu —
VAU — EcuAuRiu — EpuAu ( ‘cu — Riu) + Qinu Qou(U’ Pl (5)

Ew = max
AuVeu

Finally, the annual evapotranspiration of the irrigated crop
area, Ecy, IS

_ PuAu — EwAuVeu — EpuAu (1—Veu — R) + Qinu — Qoutu (6)

E
v AuRiu

In a similar way as above, the water balance equation of the
lower reach is given as

dwL
—— =PLAL—Eqg AL VoL — EcLALRIL

dr
— EpLAL (1= Ve — RiL) + Qints )

where the symbols are similar to those in the upper reach
Eq. (1), and Qin is equal to outflow from the upper reach.

QinL = Qoutu (8)

If the water in the lower reach is sufficient, all of the allo-
catable water will be evaporated in the desert after the water
requirements of irrigated agriculture and natural vegetation
are satisfied, which can be similarly calculated by Eq. (2).
Otherwise, the water consumptions in the lower reach are de-
termined in the following procedure and the evaporation on
the bare soil only comes from the precipitation. Ep_ is thus
calculated as

PLAL — Eq AL VoL — EcLALRIL + QinL
P 9)
AL(1—VeL—Ri)

EpL = max{

If the inflow cannot fully meet the water requirement, the nat-
ural vegetation water requirement will not be fully satisfied
and the minimum water consumption of natural vegetation
will be the local precipitation. The annual evapotranspiration
of the natural vegetation, i.e., Ey_, is given as

PLAL — EcL ALRiL — Ept AL (1 — VoL — RiL) + Qinl (10)

Ey = max
ALVel, P

Finally, the annual evapotranspiration of the irrigated crop
area, E¢, is given as

PLAL — Eq AL VoL — EpL AL (L= Ve — RiL) + QinL (11)

EcL =
ALRIL
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3.3 Natural vegetation dynamics of ecological
sub-systems

The dynamics of natural vegetation cover is described by
the Levins model (Levins and Culver, 1971; Tilman, 1994),
which is a logistic growth curve equation (Baudena et al.,
2007). This vegetation dynamical model has been applied
and validated in the Tarim River in Liu et al. (2012a, b). The
dynamical equation of vegetation cover of the upper reach is
given as

dVecu

dr

where gy represents the colonization rate and my represents
the mortality rate. Vcpm represents the maximum of Ve. It
could be determined by human planning or by the following
equation, in which Vg is the ratio of the vegetated area that
the available environmental water could feed to the modeling
unit area.

_available environmental water/water requirement per unit area (13)
= D

= gvuVeu (Vemu — Veu) —mvu Veu, (12)

Vemu

Adopted from Liu et al. (2012a, b), the colonization and mor-
tality rates of natural vegetation depend on the environmen-
tal water supply, which basically comes from groundwater
reservoirs recharged by streamflow in the river. The readers
are referred to Liu et al. (2012a) for details about the hydro-
logical situation in the main stream of the Tarim River. The
dependent relationships are shown in Fig. 3, which are de-
scribed by the following equations.
_ 8VUo

1+ exp (rewsuc — "EwsU)
_ myy2 — myui

1+ exp (rewsu — rewsuc)
where gvu, myvu1, myyz and rewsuc are the empirical pa-
rameters. rews can be considered as the environmental water
supply ratio, i.e., the ratio of available environmental water
to the environmental water requirement, and as dimension-
less, in [0, 1]. rewsuc is the threshold value of rgwsu, where
rewsu Iis defined as

EwAuVeuT

TEWSU = T Wew (15)

where T is 1 year and is equal to the time step of the envi-
ronmental water requirement, and Wery is the environmental
water requirement.

Similarly, the dynamical equations of vegetation cover of
the lower reach are
dVeL
—— =gvLVeL (VemL — Vo) —mvi Vel (16)

dt
available environmental water/water requirement per unit area
o = - a7

8vu

myuy + myua, (14)

The dependent relationships of gy and my_ are similar and
presented in Appendix A for readability. The meanings of all
the symbols used above are reported in the separate nomen-
clature (Table Al) presented at the end of the paper.
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Figure 3. Dependent relationships of the colonization and mortality
of natural vegetation depending on the environmental water supply.

3.4 Dynamic equations of economic sub-system and
social sub-system

The dynamics of the irrigated crop area is balanced by waste-
land cultivation and farmland abandonment. The process of
its evolution can also be described by the logistic-type equa-
tion, whose form is similar to the vegetation dynamical equa-
tion (Levins and Culver, 1971; Tilman, 1994). Good and
Reuveny (2006, 2009) have also presented this kind of con-
ceptualization. In their work they also used a similar equation
to describe the resource stock in the ecological-economic
model of human-resource interaction. Originally, the logistic
growth model is introduced to simulate the growth of biolog-
ical systems. Subsequently, there have also been several ap-
plications of the logistic growth model outside the field of bi-
ology. As summarized by Tsoularis and Wallace (2002), the
logistic growth model has been used to describe the market
penetration of many new products and technologies, world
energy usage and source substitution, as an evolutionary pro-
cess of the industrial revolution. For this case, the evolution
of the irrigated crop area is driven by wasteland cultivation
and farmland abandonment, which corresponds to the colo-
nization and mortality in our vegetation dynamic equation.
We assume that this evolution can be roughly described by
the logistic growth model. The dynamical equation of the ir-
rigated crop area ratio of the upper reach is

dg% = grRUZR2UZR3U Riu (Rimu — Riu) — mrumraumrsu Riu, (18)
where gru, grou and grsu represent the cultivation rate of
new irrigated field. mgry, mrou and mrsy represent the aban-
donment rate of the current irrigated field. Rymu represents
the maximum of Ryy. It could be determined by planning or
by the available irrigation water as follows:

www.hydrol-earth-syst-sci.net/19/1035/2015/
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Figure 4. Feedbacks in the socio-hydrological system of the Tarim River.
available irrigation water/water requirement per unit area dNy
Rimu = " - (19) 5 = $NusNuNu (Nwu — Nu) = mnumnau Ny, (22)

The terms gruy and mpgy represent the impact of available
water to the area of irrigated field. The terms groy and mroy
represent the impact of natural vegetation cover of the up-
per reach on the area of irrigated field through the environ-
ment protection policy. The terms grsu and mgay represent
the impact of natural vegetation cover of the lower reach
on the irrigated field area of the upper reach through the
environment protection policy. The dependent relationships
adopted are similar to those in Fig. 3 and are also listed in
Appendix A.

Similarly, the dynamical equations of irrigated crop area
ratio of the lower reach are

dRL

9 = grRLER2LRIL (RimML — RiL) —mRumpraLRiL,  (20)
available irrigation water/water requirement per unit area

RimL = g / a P - (21

AL

Again, the dependent relationships of gr., mgrL, groL, and
mpoL are described in the Appendix A, and the meanings of
symbols are presented in Table Al.

In the socio-economic system, the dynamic evolution
of the population is traditionally simulated by the logistic
growth model (Tsoularis and Wallace, 2002) although it is
usually complicated by human migration and other factors.
Both the colonization and mortality terms are dependent on
the environment and agriculture. The dynamical equation of
the population of the upper reach is
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where gny and gnou represent the colonization and migra-
tion rate of the human population. mny and mpoy represent
the mortality and emigration rates. Ny represents the maxi-
mum of N. It could be assigned depending on the planning
arrangement.

The terms gnu and myy represent the impact of the envi-
ronment, i.e., Vcy to the population of the upper reach. The
terms gnou and mpau represent the impact of the agriculture,
i.e., Rju to the population of the upper reach. The dependent
relationships are similar to those in Fig. 3 and are described
in Appendix A.

Similarly, the dynamical equation of the population of the
lower reach is,

dnv

T ENLEN2LNL (NML — NL) — mnLmN2L NL.

The descriptions for the dependent relationships and symbols
are referred to in Appendix A and Table Al.

(23)

3.5 Feedback loops in the socio-hydrological system

The socio-hydrological processes are coupled by depen-
dent relationships and feedbacks generated in the socio-
hydrological system. There are four main feedback loops in
the socio-hydrological system of the Tarim River, as shown
in Fig. 4.

The first feedback loop, Wy—Vcu—Riu—Wu, is an inner
loop occurring within the upper reach. This is a negative
feedback. If the inflow to the upper reach increases, the al-
locatable water resources (Wy) will increase and then there
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will be more water to foster natural vegetation (Vcy). With
the increase of Vcy, the environmental conditions become
better and, thus, the irrigated crop area will expand and the
irrigation water consumption will increase correspondingly.
As a result, the allocatable water resources (Wy) will de-
crease and receive a negative feedback. The second feedback
loop, W —-VcL—RL—W_, is the corresponding inner loop oc-
curring in the lower reach. It is also a negative feedback.

The third loop, Ve -Wy-W_—VcL, is the outer loop link-
ing the upper and lower reaches. If the natural vegetation in
the lower reach (VcL) decreases (degrades), the allocation
of the water resources in upper reach (Wy) will be inclined
to increase discharge to the lower reach (Qoutu), which de-
pends on water resources management and vegetation pro-
tection policy. So the inflow of the lower reach will increase
and there will be more water to allocate in the lower reach
(WL). With more water supplied to natural vegetation, the
natural vegetation in the lower reach (V) will recover. Ob-
viously, this is also a negative feedback. It is primarily con-
trolled by policies and laws, which are driven by the com-
munity awareness discussed in Elshafei et al. (2014). In the
baseline model, this feedback is not in effect. Its role will be
analyzed later in a subsequent section.

The fourth loop, Rju—Wu-W_-VcL—R\u, is a related outer
loop linking the two modeling units. This is also a negative
feedback. If the irrigated crop area in the upper reach (Rju)
increases, more water (Wy) will be used by irrigation in the
upper reach and less water will be released to the lower reach.
So the allocatable water resources (W) will decrease and
there will be less water for the natural vegetation in the lower
reach (VcL). This may lead to a decrease of the natural veg-
etation (VL) and then the irrigated crop area in the upper
reach (Ryy) may decrease because of environment protection
policy. In the equations, grau Will decrease and mgay will
increase with the decrease of VL. As a result, Ry receives
a negative feedback. The dependent relationship of the irri-
gated field area of the upper reach (R)y) to the natural vege-
tation coverage of the lower reach (VL) is the key chain of
the feedback loop.

4 Socio-hydrologic evolution processes within the
Tarim River basin

The conceptual model for socio-hydrologic co-evolution is
applied to the main stream of the Tarim River at an annual
time step from 1951 to 2010.

4.1 Parameters of the model

The parameters of the model are listed in Table Al. The es-
timation of the parameter values is important for model ap-
plication. A total of 58 parameters arise from the constitu-
tive relationships presented in the model description above,
almost all of which are not measurable directly, at least
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Table 2. Initial values of system state variables.

Variable  Unit Value
Wy m3 0.0
Veu - 0.4
Ry - 0.008
Ny 10% persons 17
WL m3 0.0
Voo - 0.35
RiL - 0.008
NL 10 persons 21

with the state-of-the-art understanding of associated socio-
hydrological processes. To reduce the equifinality problem in
the parameter estimation, 44 parameters from the 11 depen-
dent relations refer to the corresponding values in Baudena
et al. (2007) and Liu et al. (2012b), which are also subject to
certain adjustment by fitting the observed co-evolution pro-
cess. The other parameters are estimated based on the status
of the Tarim River. The values of the parameters are summa-
rized in Table Al.

4.2 Initial values of the systems states

The initial values of the system states are obtained from the
literature and are listed in Table 2. The initial allocatable wa-
ter volumes of both modeling units are assumed to be zero.
The initial population of the upper reach is 17 x 10* persons,
which refers to the actual population in 1951. The initial pop-
ulation of the lower reach is 21 x 10 persons. The vegetation
cover and irrigated crop area ratio are assigned reasonable
initial values referring to the statistic book and expert knowl-
edge.

4.3 Dynamics of the socio-hydrological system

The simulation results of discharge, vegetation cover, ratio
of irrigated area and population of the two modeling units
are shown in Figs. 5-11, respectively. Although the water
balance equation is at the annual scale, the simulated out-
flow of the upper reach is close to the observed outflow, as
shown in Fig. 5. For comparison, the observed inflow of the
upper reach is also shown in Fig. 5 and the simulated out-
flow shows almost the same trend as the inflow. The aver-
age annual runoff of the inflow at Aral from 1957 to 2008
is 4.536 x 10° m3 and the average annual runoff of the out-
flow at Yingbazha is 2.760 x 10° m3, which is 60.8 % of the
inflow. The simulated annual mean runoff of the outflow is
2.312 x 109 m?, which is 51.0 % of the inflow, and is 16.2 %
less than the observed value.

The evolutionary dynamics of vegetation cover are shown
in Figs. 6 and 7. Due to the scarcity of the long-term areal
vegetation cover, remote sensing vegetation cover data from
2000 to 2010 are employed as reference. As shown in Figs. 6
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Figure 5. Discharge of the upper reach of the Tarim River. The out-
flow (Qout) of the upper reach is the inflow of the lower reach.
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Figure 6. Vegetation cover (V) of the upper reach of the Tarim
River.

and 7, the simulated vegetation cover decreases from 1951 to
2010 and stays at the similar level with the vegetation cover
of the vegetation reference point of the upper reach and lower
reach, respectively. In future, the vegetation cover evolution
should be validated based on more historical data.

Irrigated crop area is one of the critical variables of the
socio-economic system in the Tarim River basin. The catch-
ment area of the main stream of Tarim River is 4.6 x 10* km?
and the main stream is the typical inland river, where no
runoff can be generated and all water comes from the head-
waters (Song et al., 2003). In the calculation of the irrigated
crop area ratio, the area of the modeling unit represents the
area within 10 km of both of the riversides along the river
channel. Most of the farmland is located within this area.
The simulated values of irrigated crop area ratio are shown
in Figs. 8 and 9. From 1951 to 2010, the simulated irrigated
crop area ratio (R)) increases throughout the simulation pe-
riod and is similar to the observed R, from 1989 to 2010. The
average absolute value of relative error of the simulated R,
in the upper reach is 5.2 and 12.3% in the lower reach. The
R, of the upper reach is much higher than the R| of lower
reach because there is more water in the upper reach than in
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Figure 7. Vegetation cover (V¢) of the lower reach of the Tarim
River.
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Figure 8. Ratio of irrigated area (R|) of the upper reach of the Tarim
River.

the lower reach of the Tarim River, which is an inland river
basin. In contrast, there is more runoff in the lower reach than
in the upper reach, which is normal in the exorheic rivers.

The human population is another important variable in
the socio-economic system, especially in this agriculture-
dominated river basin. The simulated population is shown in
Figs. 10 and 11. In both modeling units, the simulated pop-
ulation numbers are very close to the observed values. Al-
though, the simulated population of the lower reach is higher
than the observed after 1990, the dynamical equation de-
scribes the evolution of the population quite well. The aver-
age absolute value of the relative error of the simulated pop-
ulation in the upper reach is 3.9 and 2.7 % in the lower reach.
Based on the outcomes of the co-evolution model, it appears
that the system has not yet reached a steady state. The inflow
of the upper reach and the policy of the river basin manage-
ment, i.e., water allocation scheme, will influence the future
trajectories of the system status.

The evolution of the socio-hydrological system is driven
by the interactions of humans and water as governed by
the Taiji-Tire Model (Liu et al., 2014), and the produc-
tive and restorative actions of humans (van Emmerik et al.,
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Figure 10. Population of the upper reach of the Tarim River.

2014) invoked either actively or passively, intentionally or
un-intentionally, are at the core of these interactions. In fact,
the observed co-evolution is the consequence of the balanc-
ing of water’s economic and ecological value. At different
stages of the socio-hydrological system, the dominant driv-
ing forces may be different. During the study period the dom-
inant driving force was indeed the productive force, i.e., ex-
panding agricultural production within the Tarim River basin.
The realization of productive force is the water allocation
scheme established as part of the river basin management.
From 1951 to 2010, agricultural production increased signif-
icantly and contributed to the growth of agricultural produc-
tivity. During this period, irrigation water was unconstrained
and water that otherwise would have served the ecological
system was instead exploited and consumed for agricultural
irrigation. The ecological water ratio, i.e., the ratio of eco-
logical water to the total water consumption, decreased from
67.0% (1951-1990) to 35.1 % (1991-2010). Consequently,
vegetation cover decreased, as shown in Figs. 6 and 7.

The degradation of the ecological system since 1990 con-
tributed to a re-evaluation of the original water allocation
scheme within the Tarim River basin. A research project by
Xi’an University of Technology and the Tarim River basin
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Figure 11. Population of the lower reach of the Tarim River.

Management Bureau, funded by the Ministry of Water Re-
sources of the People’s Republic of China, studied a more ra-
tional water resources allocation scheme for the Tarim River
basin. The results of a scenario analysis suggested that the ra-
tio of ecological water to the total water consumption could
reach 50.2 % if the recurrence interval of the annual runoff at
Aral in 2020 is 2 years in the commendatory scenario. With
the implementation of the new water resources allocation
scheme, the dominant driving force may have been switched
to the environmental restorative force. For the model, it
means that the negative feedback, outer loop Vo —Wy-W -
VeL, should be switched on to analyze the long-term evolu-
tionary dynamics.

In order to study the evolution of the socio-hydrological
system, precipitation, evapotranspiration and inflow are re-
peated another 4 times after 1951-2010 to obtain a synthetic
time series of 300 years. In the current modeling framework,
denoted as the baseline model, a quasi-steady state of the
system is reached in the 300-year simulation. The dynam-
ics of the resulting co-evolution are shown in Fig. 12. After
2100, vegetation cover, irrigated crop area ratio and popu-
lation almost approach quasi-steady states. The average val-
ues of system variables in the last 60 years, i.e., from 2191
to 2250, are shown in Table 3. It shows that 34.6 % of the
inflow is released into the lower reach. The average vegeta-
tion cover of the upper reach is 0.220 and 0.005 in the lower
reach (much smaller than that in the upper reach). The aver-
age irrigated crop area ratio of the upper reach is 0.299 and
0.115 in the lower reach. The average population of the up-
per reach is 109.7 x 10* and 50.5 x 10 in the lower reach.
All 6 variables above are much smaller than the maximum
values shown in Table Al.

In the baseline model, the outflow of the upper reach
(Qoutu) is not connected to the natural vegetation of the
lower reach. In fact, after 2000 the outflow of upper reach
has been now regulated through changes to the river basin
management policy in order to restore the natural vegetation
of the lower reach, i.e., the negative feedback Ve —-Wy-W -
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Figure 12. Quasi-steady state of the socio-hydrological system with the 300-year series (baseline model).

Veu is now in effect. So the parameter ko in Eq. (4) could be
calculated as

kQ = ch exp (—kanCL) + kqb, (24)

where kga, kqb and k,¢ are parameters, as shown in Table Al.
The negative feedback Vg —Wy-W -V is quantitatively
described through the constitutive relationship of VgL and
ko. When Ve is 0, k¢ is 0.50. When V¢ is 0.3, kg is 0.3.
When V¢ is more than 0.3, k¢ is still 0.3. After the decrease
of Vcu, ko will increase and then more water will be released
into the lower reach. As a result of increase of water in the
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lower reach, Vo will increase. So the outflow of the upper
reach (Qoutu) in Eq. (4) is

Qouty = (ch eXp (—kanCL) + kqb) Oinu. (25)
The resulting model is denoted here as the revised model.
The dynamics of the Tarim socio-hydrological system gov-
erned by the inclusion of Eq. (25) and using the 300 years
of forcing data are shown in Fig. 13. It shows that the natu-

ral vegetation of the lower reach is obviously improved. The
average values of system variables in the last 60 years are
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Figure 13. Quasi-steady state of the socio-hydrological system with the improved Qqyty equation (revised model).

compared in Table 3. In contrast, the vegetation cover, irri-
gated crop area ratio and the population in the upper reach in
the last 60 years modeled by the revised model are smaller
than those in the baseline model, while the vegetation cover,
irrigated crop area ratio and population in the lower reach in
the last 60 years modeled by the revised model are larger.
This behavior is attributed to the equation for Qgutu,
i.e., Eg. (25), which is the driver for water release from
the upstream to the downstream. In Eq. (25), as the vege-
tation cover in the lower reach decreases, the environmen-
tal feedback forces the system to release more water to the
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downstream; i.e., the third feedback loop of Vo -Wy-W -
VeL, is thus activated in the revised model. In this way, the
restorative force is invoked to restore the vegetation in the
lower reach. With water flowing into the lower reach, vegeta-
tion cover, irrigated crop area and population also effectively
“flow” into the lower reach. The runoff flowing into the lower
reach increases by 36.7 % and the variable which changes
most is the vegetation cover in the lower reach, which in-
creases from 0.005 to 0.017, i.e., an increase of 240.0 %, as
shown in Table 3. The state to which the vegetation cover
could be restored is determined by the water resources allo-
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Table 3. Mean values of state variables during the last 60 years of
system evolution.

Variable Unit Baseline Revised Relative change

model model comparing with
baseline model

Qinu 109m3yr~1 4544 4544 -

Qoutu 109m3yr-1 1572 2.149 36.7%

Qoutu/Qinu — 0.346 0.473 -

Veu - 0.220 0.161 —26.8%

Ve - 0.005 0.017 240.0%

RU - 0.299 0.285 —4.7%

RIL - 0.115 0.137 19.1%

Ny 10% persons  109.7 107.6 —-19%

NL 10% persons ~ 50.5 51.4 1.8%

cation, i.e., the relative preference by humans between the
economic value and the ecologic value. It is exhibited as the
relative priority given to water resource allocation between
the upper and the lower reaches, and between different sec-
tors within one reach. Considering the whole simulation, we
can find a costly pendulum swing between a balanced dis-
tribution of socio-economic resources and natural ecologic
resources for the upper and lower reaches and a centered dis-
tribution in the upper reach. This pendulum swing of spa-
tial distribution of resources is very similar to the pendulum
swing of values between agricultural socio-economic bene-
fits and ecosystem services found in the Murrumbidgee River
basin by Kandasamy et al. (2014). In fact, the first pendulum
swing is driven by the second one.

In both the baseline model and the revised model, the
socio-hydrological system reaches a quasi-steady state af-
ter 2100. The rate at which the quasi-steady state is reached
turned out to be faster than our intuition suggested, which
could be ascribed to the absence of technology improve-
ment in the co-evolution model. As irrigation technology ad-
vances, the crop coefficient of evapotranspiration (k;) will
decrease and irrigation water requirement will decrease. As
a result, the quasi-steady state may be attained much later.
The importance of technological advances was highlighted
by Good and Reuveny (2009), who, however, assumed that
technology is static in their work. Alvarez et al. (2011) and
Bilancini and D’Alessandro (2012) included the develop-
ment of technology in their social system model. Based on
the results presented here, it is clear that the technological
advances should be incorporated in future efforts at the mod-
eling of socio-hydrological systems, also following the ex-
ample of van Emmerik et al. (2014).

4.4 Sensitivity analysis
In order to assess the effect of the initial values and bound-
ary conditions to system quasi-steady state, the sensitivity of

system behaviors to initial values and boundary conditions,
i.e., the precipitation, potential evaporation and inflow of the
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upper reach, was analyzed with the baseline model. By in-
creasing and decreasing the initial values, precipitation, po-
tential evaporation, and inflow of the upper reach by 10 %,
the model is re-run under different combinations of initial
and boundary conditions; the results are listed in Table 4 and
results show that all the tested conditions can alter the sys-
tem’s quasi-steady state except for the initial values. In our
tested ranges, the system presents unique quasi-steady states
without regard to initial values. The relative change rate of
quasi-steady states compared with the baseline results are
shown in Table 5, which indicates that the changes of the
precipitation have a slight effect with the range from —1 to
1%, which can be attributed to the absolutely small precipita-
tion amount in this area. Otherwise, the potential evaporation
(very high compared to precipitation) and inflow of the up-
per reach have significant effects, especially, on the vegeta-
tion cover of the lower reach (V¢ ). Furthermore, our test re-
sults show that initial/boundary conditions have only a slight
impact on the populations of the upper and that the lower
reaches, and the relative change is in the range from —1 to
1%. Generally, the boundary conditions including potential
evaporation and upper reach inflow play an important role in
the system co-evolution.

Analyzing the sensitivity of the parameters in the model
is an important approach for identifying the critical parame-
ters that affect the performance of the model. In the hydro-
logical sub-system, the crop coefficient of evapotranspiration
(k¢) is an important parameter for system behavior. The k¢
is decreased or increased by 10 %, respectively, to assess its
effect on the system quasi-steady state and the results are
listed in Tables 4 and 5. The k¢ has significant effects on the
vegetation cover of the lower reach (V) and slight effects
on the other variables. In the ecological sub-system, eco-
nomic sub-system and social sub-system, the state variables
are governed by a logistic-type equation, whose character-
istics have been investigated by many scholars (Levins and
Culver, 1971; Tilman, 1994; Tsoularis and Wallace, 2002).
Because the interactions between the sub-systems will affect
the colonization rate and mortality rate, the colonization rate
only changes in the range from 0 to gyyo and mortality rate
change in the range from myy; to myygz, taking the vegeta-
tion cover of the upper reach as an example. The evolution
process and quasi-steady states are determined by the colo-
nization rate, mortality rate and carrying capacity (i.e., the
maximum of the variable, such as Vcmu). The parameters of
the vegetation cover of the upper reach (Vcy) were decreased
or increased by 10 % to assess the effects on the quasi-steady
states of the system and the results are shown in Tables 4
and 5. Vcmu and gyvuo have a marked effect on the quasi-
steady states of Vcy and Vi because the change of the Vey
induces the change of the outflow from the upper reach. The
quasi-steady states are not sensitive to the other parameters.
The results are consistent with the performance of the pa-
rameters in the modeling calibration. These two types of pa-
rameters, i.e., growth rate (such as gyvuo) and maximum of
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Table 4. Mean values of state variables during the last 60 years of system evolution for sensitivity tests.

Conditions Qoutu/109miyr—1  Veul~ VoL~ R/~ R/~ Nuy/10% persons  Ni_/10% persons
0.9 x initial values 1.572 0.220 0.005 0.299 0.115 109.7 50.5
1.1 x initial values 1.572 0.220 0.005 0.299 0.115 109.7 50.5
09x P 1.567 0.219 0.005 0.298 0.114 109.7 50.5
11x P 1.578 0.222 0.005 0.299 0.115 109.8 50.5
09 x Ep 1.648 0.243 0.013 0.305 0.122 110.6 51.0
11xEp 1.521 0.198 0.001 0.292 0.109 108.9 50.2
0.9 x Qinu 1.369 0.198 0.002 0.292 0.108 108.9 50.2
1.1 x Qinu 1.794 0.240 0.010 0.304 0.121 110.4 50.8
0.9 x k¢ 1.609 0.237 0.008 0.303 0.121 110.3 50.8
1.1 x k¢ 1.543 0.203 0.002 0.293 0.109 109.1 50.2
0.9 x Vemu 1.670 0.180 0.008 0.293 0.117 108.3 50.7
1.1 x Vemu 1.502 0.262 0.002 0304 0.114 111.1 50.3
0.9 x gvuo 1.629 0.194 0.006 0.294 0.116 108.8 50.6
1.1 x gvuo 1.529 0.244 0.003 0.302 0.114 110.6 50.4
0.9 x myu1 1557 0229 0005 0300 0.114 110.0 505
1.1 x myy1 1.588 0.212 0.005 0.297 0.115 109.5 50.5
0.9 x myy2 1.539 0.238 0.004 0.301 0.114 110.3 50.4
1.1 x myuz 1605 0204 0005 0296 0.115 100.2 505
0.9 X rEWSUG 1563 0225 0005 0299 0.114 100.9 505
0.9 X FEWSUG 1582 0215 0005 0298 0.115 109.6 50.5

Table 5. Changing rate of mean values of state variables during the last 60 years of system evolution for sensitivity tests.

Conditions Qoutu/%  Veuyl% Ve /%  Riy/%  RiL/% Nyl% NLI%
0.9 x initial values 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.1 x Initial values 0.00 0.00 0.00 0.00 0.00 0.00 0.00
09x P -0.32 —0.45 0.00 -0.33 -0.87 0.00 0.00
11xP 0.38 0.91 0.00 0.00 0.00 0.09 0.00
09 x Ep 4.83 10.45 160.00 2.01 6.09 0.82 0.99
11xEp -3.24 -10.00 -80.00 —-234 522 -073 -0.59
0.9 x Qinu -1291 -10.00 -60.00 -234 —-6.09 -0.73 -0.59
1.1 x Qinu 14.12 9.09 100.00 1.67 5.22 0.64 0.59
0.9 x k¢ 2.35 7.73 60.00 1.34 5.22 0.55 0.59
1.1 x k¢ —1.84 -7.73 —-60.00 -2.01 -522 -055 —-0.59
0.9 x Vemu 6.20 —18.18 62.00 -—-211 130 -1.24 0.35
1.1 x Vemu —4.46 18.91 —60.00 174 -1.22 129 -0.34
0.9 x gvuo 362 —11.95 10.00 -—1.54 0.43 -0.80 0.11
1.1 % gvio —273 1109 -3800 097 -096 078 —0.22
0.9 x myy1 —0.93 391 —8.00 027 -0.52 0.30 —-0.05
1.1 x myy1 1.02 -3.59 200 -057 -0.17 -0.21 0.03
0.9 x myy2 —-2.07 8.23 —24.00 0.67 -0.78 059 -0.15
1.1 x myy2 2.07 —7.18 400 -0.97 0.00 -0.46 0.06
0.9 x rewsuc —0.55 2.36 —6.00 010 -0.52 020 -0.03
0.9 X rEWSUG 062 —209 000 -040 —026 -011 002

the variable (such as Vcmu), have important effects on the

quasi-steady states.

5 Conclusions

For socio-hydrological systems, their hydrological pro-
cesses, ecological processes and socio-economic processes

Hydrol. Earth Syst. Sci., 19, 1035-1054, 2015

are coupled together via water consumption activities and
water allocation policies. To explore such interactive pro-
cesses, a conceptual dynamical model is developed by cou-
pling the water balance equation for hydrological process and
logistic growth equations for evolution of vegetation, irriga-
tion, and population. Four state variables, i.e., water storage,
vegetation cover, irrigated crop area ratio, and human pop-
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ulation, are adopted to represent the state of hydrological,
ecological, economic, and social sub-systems, respectively.
Each growth equation contains several colonization terms
and mortality terms, which are jointly determined by the state
variables of different sub-systems through the correspond-
ing constitutive relations. We recognize that a few previous
studies have proposed the concepts of community sensitiv-
ity (Elshafei et al., 2014) or environmental awareness (van
Emmerik et al., 2014) to explicitly represent the feedback
mechanisms between social and environmental systems. In
our model, the feedback mechanisms are implicitly incorpo-
rated into the model through constitutive relations and hid-
den feedback loops. At the current stage of our understanding
of complex socio-hydrological processes, the logistic growth
model can reduce the need for an explicit representation of
human behavior and also benefit from the vast amount of lit-
erature on the growth model in biologic and social sciences.
Forced by the annual precipitation, pan evaporation and
streamflow of the headwater basins, the co-evolution model
reproduces the past trajectories of the human—water system
in the Tarim River basin. The simulated evolution processes
are consistent with observed patterns such as the outflow of
the upper reach, vegetation cover, irrigated crop area ratio
and human population, which suggests a reasonably good
performance of the model. The long-term simulation results
from both baseline and revised model runs show a pendulum
swing between a balanced distribution of socio-economic
resources and natural ecologic resources for the upper and
lower reaches and a highly skewed distribution towards the
upper reach. The real history of Tarim River basin discussed
in Liu et al. (2014) confirms this simulation result. During the
traditional agricultural period with lower levels of produc-
tive force, the population was distributed relatively uniformly
along the Tarim River. When the time of the industrialized
agriculture came, the water consumption in the upper reach
saw a tremendous increase. As a result, the natural vegetation
in the lower reach deteriorated and thus the agriculture and
population shrank. The pendulum swung to the opposite end.
However, with the increasing awareness of the environment
in human consciousness, the society changed the water allo-
cation policy and more water is now required to be released
to the lower reach. Consequently, the natural ecological re-
sources and also socio-economic resources could recover in
the lower reach, and the pendulum swung back to the former
mode. This costly pendulum swing of the spatial distribution
of resources is very similar to the pendulum swing of values
between agricultural socio-economic benefits and ecosystem
services that was observed in the Murrumbidgee River basin
in Australia by Kandasamy et al. (2014). Simulation mod-
els of the kind presented here can shed light on the possible
future trajectories of similar socio-hydrological systems.

www.hydrol-earth-syst-sci.net/19/1035/2015/

In the current model, we acknowledge that there are many
parameters in the dependent relationships, which is favorable
for a flexible model. In future, the parameters should be re-
duced after the test of functional forms of dependent rela-
tionships. At the current stage of socio-hydrology, our un-
derstanding of the dominant socio-hydrological processes is
limited and the social behaviors, such as the interim policy
of the government and the development of technology (van
Emmerik et al., 2014), are not incorporated in the model.
The interim policy of the government to promote the econ-
omy may have prominent effects on the irrigated area. The
management policy, as a kind of social behavior, should be
designed and evaluated further to improve the constitutive
relationship of the water flux depending on the human activi-
ties. The model can also be improved in both of the dominant
socio-hydrological processes and the data used in the model.
This study focuses on the modeling framework and feedback
network, especially the negative feedback loops which make
the socio-hydrological system stable. However, the abrupt
jump in the evolution, the multiple steady states of the sys-
tem, the abrupt change of the steady states (Manfreda and
Caylor, 2013), and the tipping point or catastrophic critical
transition (Scheffer et al., 2009) are all important character-
istics of the system, which need further research in future.
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Appendix A: The dependent relationships of the
variables

The dependent relationships of gy and my_ in Sect. 3.3 are
described by the following equations:

8VLO

gVL = ) (Al)
1+exp (rewsLc — rEwsL)
myL2 —myL1
myL = +myL1,
1+ exp (rewsL — rewsLc)
Eq A Ve LT
FEWSL = T W, (A2)

The dependent relationships of gry and mgy in Sect. 3.4 are
described by the following equations:

_ gRUO
1+4exp (rwuc — rwu)
MRU2 — MRU1

MRy = + mRu1, A3
1+ exp (rwu — rwuc) (A3)

8RU

where gruo, mRru1, mru2 and ryyc are parameters. The term
rwu is the irrigation water supply ratio and is dimensionless,
in [0, 1]. rwuc is the critical value of rwy, which is defined
as
EcuAyRyT
Wy = ——————, (A4)
Wiru

where W\ry is the irrigation water requirement.

The dependent relationships of grou and mgoy in Sect. 3.4
are described by the following equations:

groL = gR2UO
1+exp(Veuc — Vew)'
MR2U2 — MR2UL
mRoy = + mRrout. (A5)

1+exp(Veu — Veue)

where grauo, mRr2u1, mR20U2 and Voyc are parameters.
The dependent relationships of grau and mgay in Sect. 3.4
are described by the following equations:

graL = gR3U0
14+exp(Vere — Veu)'
MR3U2 — MR3U1
MR3y = + mRaut, (A6)

1+exp(Ver — Vere)

where grauo, mRr3u1, mR3U2 and Vg ¢ are parameters.
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The dependent relationships of grL, mrL, groL, and mgoL
in Sect. 3.4 are described by the following equations:

orL = gRLO
1+4exp (rwic —rwe)’
MRL2 — MRL1
MRL = + mRL1, (A7)
14exp (rwL — rwie)
EcLALRILT
WL = —————— (A8)
WirL
ool = gR2LO
1+exp(VereL — Veo)'
MR2L2 — MR2L1
mRoL = +mRoL1. (A9)

1+exp(Ver — Verer)

The meanings of the symbols are presented in Table Al.
The dependent relationships of gnu and myy in Sect. 3.4
are described by the following equations:

o = gNUO
1+exp(Vecuenu — Vew)'
mNU2 — MNU1
MNU +mnu1, (A10)

~ 1+exp(Veu — Veuenu)

where gnuo, mNu1, mNu2 and Voucnu are parameters.
The dependent relationships of gnzu and mnay in Sect. 3.4
are described by the following equations:

onaL = gN2U0
1+exp(Riucnu — Riv)’
MN2U2 — MN2UL
MmNy = + mN2u1, (A11)

1+exp(Riu — Riucnu)

where gn2uo, mN2UL, mN2U2 and Rjucnu are parameters.
The dependent relationships of gni, mNL, gn2L, and mnzL
in Sect. 3.4 are described by the following equations:

oL = gNLO
1+exp(Verene — Veu)'
MNL2 — MNLL
mnL = + mnL1, (A12)
1+exp(VeL — Verenw)
onaL = gN2LO
1+exp(RiLene — Rin)’
MN2L2 — MN2L1
mnaL = +mN2L1- (AL3)

1+exp(RiL — Rien)

The meanings of symbols are presented in Table Al.

www.hydrol-earth-syst-sci.net/19/1035/2015/



D. Liu et al.: A conceptual socio-hydrological model of the co-evolution of humans and water

Table Al. Nomenclature: the subscript “U” represents the upper reach, and the subscript “L” represents the lower reach.

Symbol  Unit Value Description Equation
of the
parameter
Wy m3 Wiater storage (1)
Py mmyr—1 Annual precipitation 1)
Ay km? Area of modeling unit ()
Ewy mmyr—1 Annual evapotranspiration of the natural vegetation 1)
Ecy mmyr—1 Annual evapotranspiration of the irrigated crop area (1)
Epy mm yr*l Annual evapotranspiration of the bare desert 1)
Veu - \Vegetation cover 1)
Ry - Irrigated crop area ratio 1)
Qinu m3yr—1 Inflow of upper reach (1)
QOoutu m3yr—1 Outflow of upper reach (€N
ktu - 0.3 Coefficient (2)
kcu - 0.4 Coefficient 2)
Ep mmyr—1 Annual potential evaporation (2)
ko - 0.3 Coefficient 4)
kil - 0.28 Coefficient )
kel - 0.38 Coefficient 7)
WL m3 Water storage 7
P mm yr‘l Annual precipitation ()
AL km? Area of modeling unit (7
Ey mmyr—1 Annual evapotranspiration of the natural vegetation )
EqL mm yr_l Annual evapotranspiration of the irrigated crop area ()
EpL mmyr—1 Annual evapotranspiration of the bare desert )
Voo - \egetation cover @)
RiL - Irrigated crop area ratio )
OinL m3yr—1 Inflow of lower reach @)
Vemu - 0.6 Maximum of vegetation cover (12)
gvU yr—1 Colonization rate (12)
myy yr—1 Mortality rate (12)
FEWSUC — 0.3 Parameter (14)
gVUo yr-1 08 Parameter (14)
myu1 yr—1 0.1 Parameter (14)
myu2 yr1 03 Parameter (14)
FEWSU - Environmental water supply ratio (15)
WERU m3 Environmental water requirement (15)
T yr Time step, 1 year (15)
gVL yr—1 Colonization rate (16)
myL yr1 Mortality rate (16)
Vemi - 0.5 Maximum of vegetation cover (16)
gRU yr—1 Colonization rate of new irrigated field (18)
8R2U - Colonization rate of new irrigated field (18)
gR3U - Colonization rate of new irrigated field (18)
mRy yr—1 Desolation rate of current irrigated field (18)
mRoy - Desolation rate of current irrigated field (18)
MmR3y - Desolation rate of current irrigated field (18)
rIMU - 0.6 Maximum of irrigated crop area ratio (18)
gRL yr—1 Colonization rate of new irrigated field (20)
gROL - Colonization rate of new irrigated field (20)
mRL yr1 Desolation rate of current irrigated field (20)
mR2L - Desolation rate of current irrigated field (20)
RimL - 0.35 Maximum of irrigated crop area ratio (20)
gNU yr—1 Colonization and immigration rate of the population (22)
gN2U - Colonization and immigration rate of the population (22)
MNU yr_1 Mortality and emigration rate of the population (22)
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Table Al. Continued.

Symbol Unit Value Description Equation
of the
parameter

mn2U - Mortality and emigration rate of the population (22)
Nmu 10%* persons 150 Maximum of the population (22)
gNL yr-1 Colonization and immigration rate of the population (23)
8N2L - Colonization and immigration rate of the population (23)
mNL yr-1 Mortality and emigration rate of the population (23)
mn2L - Mortality and emigration rate of the population (23)
NmL 10 persons 100 Maximum of the population (23)
kga - 15 Parameter (24)
kgb - 0.3 Parameter (24)
kge - 0.2 Parameter (24)
FEWSLC  — 0.3 Parameter (A1)
gVL0 yr—1 0.8 Parameter (A1)
myL1 yr1 0.1 Parameter (A1)
myL2 yr-1 0.3 Parameter (AL)
FEWSL - Environmental water supply ratio (AL)
WERL m3 Environmental water requirement (A2)
rwWuc - 0.3 Parameter (A3)
2RUO yr-1 0.62 Parameter (A3)
MmRU1 yr-1 0.02 Parameter (A3)
MRU2 yr—1 0.1 Parameter (A3)
rwu - Irrigation water supply ratio (A3)
WIRU m3 Irrigation water requirement (A4)
Veuc - 0.2 Parameter (A5)
£R2U0 - 15 Parameter (A5)
MR2U1 - 11 Parameter (A5)
MR2U2 - 1.3 Parameter (A5)
VeLe - 0.1 Parameter (AB)
SR3U0 - 15 Parameter (A6)
MR3U1L - 11 Parameter (AB)
MR3U2 - 13 Parameter (AB)
rWLC - 0.3 Parameter (A7)
SRLO yr—1 0.59 Parameter (A7)
mRLL yr-1 0.02 Parameter (A7)
MRL2 yr-1 0.1 Parameter (A7)
rwL - Irrigation water supply ratio (A7)
WIRL m3 Irrigation water requirement (A8)
VeLeL - 0.1 Parameter (A9)
gR2LO - 15 Parameter (A9)
MR2L1 - 11 Parameter (A9)
MR2L2 - 14 Parameter (A9)
Vcuenu - 0.4 Parameter (A10)
gNUD yr-1 0.0019 Parameter (A10)
mNUL yr-1 0.01 Parameter (A10)
mNU2 yr—1 0.03 Parameter (A10)
Riucnu - 0.01 Parameter (Al11)
£gN2U0 - 1.2 Parameter (Al11)
mN2U1L - 11 Parameter (A11)
mn2U?2 - 1.2 Parameter (Al11)
VeLene - 0.4 Parameter (A12)
SNLO yr—1 0.002 Parameter (A12)
mNLL yr1 0.01 Parameter (A12)
MNL2 yr-1 0.03 Parameter (A12)
Riene - 0.01 Parameter (A13)
8N2L0 - 1.2 Parameter (A13)
MN2L1 - 11 Parameter (A13)
MN2L2 - 1.2 Parameter (A13)
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