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Abstract

Water scarcity and uneven spatial distribution of water resources pose challenges for re-
gional sustainable development, particularly in complex river basins with increasing water
infrastructure connectivity. Existing water allocation studies mainly focus on optimization
outcomes, while the differentiated allocation responses of heterogeneous water users un-
der alternative water network development scenarios remain insufficiently explored. This
study develops a multi-agent water resources allocation framework under the complex
adaptive systems perspective, integrating water supply agents, water demand agents, and
government-level decision-making. A case study was conducted in the Poyang Lake Basin,
China, using four scenarios combining two inflow frequencies (50% and 95%) with current
and planned water network development. The planned development scenario also incorpo-
rates associated infrastructure changes, including reservoir development and changes in
water supply capacity. The results show that this scenario is associated with lower modeled
water deficits and higher economic benefits per unit of allocated water. Under the 50%
inflow-frequency scenario, the total water deficit decreased from 3.48 to 3.00 x 108 m?.
Under the 95% inflow-frequency scenario, the total water deficit decreased from 35.73 to
17.43 x 108 m3. The corresponding economic benefits per unit of allocated water increase
by 1.05% and 1.98%, respectively. Allocation responses also differ across water sources
and user sectors, with changes in supply concentrated in surface water and agricultural
deficits remaining the main source of modeled shortages. These findings demonstrate
the value of linking heterogeneous agent-level allocation responses with aggregate multi-
objective optimization outcomes. The framework provides decision-support insights for
evaluating regional water allocation under alternative hydrological and infrastructure
development conditions.

Keywords: water network connectivity; multi-agent system; water resource optimal
allocation; Poyang Lake Basin

1. Introduction

Water resources provide fundamental support for socioeconomic development and
ecosystem sustainability. However, rapid urbanization, economic growth, and climate
change have intensified the imbalance between water availability and demand, leading
to increasing challenges in regional water security management. In many regions, water
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scarcity is not only associated with insufficient total water availability but also with the
uneven spatial and temporal distribution of water resources. Therefore, improving the
capacity of water resource allocation systems to coordinate multiple water sources, diverse
water users, and competing management objectives has become a critical issue in sustainable
water management [1-3].

Water resource allocation has evolved from traditional single-basin regulation toward
integrated management involving multiple regions, water sources, and sectors [4,5]. Classi-
cal optimization approaches, including linear programming, dynamic programming, and
multi-objective optimization, have provided effective tools for identifying optimal allocation
strategies under predefined conditions [6-9]. These methods have been widely applied
to reservoir operation, inter-basin water transfer, and regional water planning. However,
conventional optimization models generally treat water demand, supply capacity, and
management strategies as relatively fixed system parameters, while the adaptive responses
and interactions among different stakeholders are often simplified or neglected. As water
resource systems become increasingly interconnected and influenced by human activities,
representing the dynamic interactions between natural and socioeconomic components has
become essential for improving allocation decision-making [10-12].

In recent years, water network connectivity has emerged as an important strategy
for addressing regional water imbalance. By integrating rivers, reservoirs, water diver-
sion projects, and distribution infrastructures, water networks enhance the transferability
of water resources across connected regions and regulation capacity of water resources,
enabling water transfers from relatively water-abundant regions to water-deficient areas.
Existing studies have demonstrated that inter-basin water transfers and water network
development can improve regional water supply reliability, alleviate water shortages, and
optimize spatial allocation patterns [13-15]. Nevertheless, water network connectivity does
not simply represent an expansion of water supply capacity. The improvement of water
accessibility may also reshape the behavior of water-related stakeholders. Enhanced water
availability can influence agricultural irrigation strategies, industrial development patterns,
urban water consumption, and government regulation priorities [ 16-18]. Therefore, water
network connectivity may alter the decision environment of supply agents, demand agents,
and management authorities by changing water accessibility and redistribution pathways.
However, existing studies have mainly focused on evaluating the engineering effects of
water network construction, such as increased water supply capacity and reduced water
shortage, while the heterogeneous responses of different stakeholders to these changes
remain insufficiently represented.

Complex adaptive systems (CAS) theory provides a useful perspective for understand-
ing water resource systems characterized by multiple interacting components, feedback
mechanisms, and differentiated responses [19]. From this perspective, water allocation
systems are not merely physical infrastructure networks but coupled human-water systems
in which different agents interact and make decisions under changing water availability and
management conditions. MAS, as an effective computational approach for representing het-
erogeneous decision-making entities and their interactions, have been increasingly applied
in water resource management. Previous studies have demonstrated that MAS can capture
stakeholder conflicts, policy impacts, and cooperative decision-making processes that are
difficult to represent using traditional optimization methods. For example, agent-based mod-
els have been applied to urban water demand regulation, and multi-stakeholder watershed
allocation providing new insights into multi-stake holder water management [10,11,20].

Previous studies have significantly advanced water allocation optimization by im-
proving mathematical formulations and considering multiple objectives. However, most
existing approaches treat water users as aggregated demand sectors and focus primarily on
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optimal allocation outcomes. The interactions among heterogeneous stakeholders and their
differentiated responses under changing water availability and infrastructure connectivity
remain insufficiently represented. To address these gaps, this study develops a multi-agent
water resource allocation model under water network connectivity conditions inspired
by the complex adaptive systems perspective. The proposed framework represents three
categories of agents, including government agents, supply agents, and demand agents.
Supply agents represent different water sources, including surface water, groundwater, and
unconventional water, while demand agents include agricultural, industrial, domestic, and
ecological water users. By establishing decision rules and interaction relationships among
different agents, the model aims to characterize how water network connectivity influences
allocation outcomes through differentiated responses among stakeholders.

The Poyang Lake Basin in China is selected as a case study because it exhibits typical
characteristics of spatially uneven water availability, diverse water demands, and increasing
requirements for integrated water management under regional water network development.
Multiple scenarios considering different water network connectivity conditions and hydro-
logical conditions are designed to evaluate the impacts of connectivity on water supply
security, shortage mitigation, spatial allocation equity, and water use efficiency.

Therefore, this study aims to develop a multi-agent-based framework to examine
heterogeneous allocation responses under alternative hydrological and water network
development scenarios. Specifically, it aims to: (1) develop a multi-agent framework linking
water supply agents, water demand agents, and government-level multi-objective decision-
making; (2) quantify differentiated allocation responses across water sources and user
sectors under different inflow-frequency and water network development scenarios; and
(3) evaluate the associated changes in regional water deficits, economic benefits per unit of
allocated water, and spatial allocation patterns in the Poyang Lake Basin.

The contributions of this study are threefold. First, it links heterogeneous water supply
and demand agents with government-level multi-objective optimization, extending the anal-
ysis of regional water allocation beyond aggregate optimization outcomes to differentiated
source-specific and sector-specific allocation responses. Second, it provides a comparative
assessment of how these responses vary across hydrological conditions and alternative
water network development scenarios, revealing the contrasting allocation patterns that
may be obscured by aggregate performance indicators. Third, the Poyang Lake Basin case
study quantifies the changes in water deficits, economic benefits per unit of allocated water,
and spatial allocation patterns associated with planned water network development.

2. Methods

This study develops a MAS to characterize differentiated water allocation responses
under water network connectivity. The framework integrates three types of agents, including
government agents, water supply agents, and water demand agents. These agents interact
within a water allocation system characterized by network connectivity and make allocation
decisions according to water availability, connectivity conditions, and regulatory constraints.
The agents in this framework are rule-based decision units. Their responses are determined
by predefined objectives, constraints, and decision rules under different hydrological and
connectivity conditions.

2.1. MAS Framework for Water Resource Allocation

The water resource allocation system is conceptualized as an interactive system con-
sisting of government, water supply, and water demand agents (Figure 1). The government
agent represents regional water management authorities and is responsible for defining
management objectives, setting allocation constraints, and regulating the behavior of other
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agents. Water supply agents represent surface water, groundwater, and unconventional
water sources, while water demand agents represent agricultural, industrial, domestic, and
ecological water users.
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Figure 1. MAS Framework for Water Resource Allocation.

Water network connectivity is represented as a structural feature of the water alloca-
tion system that defines the available transfer pathways among water sources, reservoirs,
irrigation districts, water conveyance and distribution projects, and water consumption
nodes. Connectivity does not constitute an independent agent; instead, it modifies wa-
ter accessibility and redistribution pathways among supply and demand agents. Under
connected network conditions, water resources can be transferred between connected re-
gions when local shortages occur, thereby expanding the feasible allocation space of water
supply agents.

The MAS operates through a feedback process. Demand agents generate water-use ap-
plications according to their sectoral requirements, while supply agents determine feasible
allocation according to available water resources and network connectivity. The resulting
allocation and shortage conditions are aggregated and fed back to the government agent.
The government then adjusts relevant regulatory constraints, which in turn affect subse-
quent decisions of supply and demand agents. This process allows the model to represent
interactive feedback among water availability, agent decisions, and government regulation.

2.2. Agent Interactions and Allocation Response Rules

The interactions among agents are represented through bottom-up and top-down
processes. In the bottom-up process, agricultural, industrial, domestic, and ecological
demand agents generate sector-specific water requirements according to predefined de-
mand characteristics and transmit allocation requirements to corresponding supply agents.
Supply agents then formulate allocation decisions subject to available water resources and
government constraints. When a local water source cannot satisfy demand, a shortage signal
is generated, and connected supply agents provide supplementary allocation according to
their available capacity and connectivity constraints. The allocation results from individual
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supply agents are subsequently aggregated into system-level indicators, such as total water
deficit, and reported to the government agent.

In the top-down process, the government agent regulates the allocation system by im-
posing constraints such as total water-use control, allowable groundwater withdrawal, and
minimum ecological instream flow. Supply agents incorporate these regulatory conditions
into their feasible decision ranges. Meanwhile, demand agents are represented through
sector-specific allocation requirements and efficiency parameters, which vary according to
scenario conditions and management constraints.

The decision process of supply agents follows a hierarchical allocation structure. Within
the allocation procedure, a rigid sectoral water-use priority is implemented: domestic water
receives the highest priority, followed by ecological water, industrial water, and agricultural
water with the lowest priority. Surface water is allocated first according to sectoral priorities
and network connectivity. Groundwater and unconventional water resources are treated
as supplementary water sources subject to prescribed supply constraints. When surface
water is insufficient, groundwater provides supplementary supply within its allowable
extraction limit, followed by unconventional water within its treatment or production
capacity. Agricultural shortages are recorded after higher-priority demands have been
allocated, subject to available supplies and source-specific constraints.

Demand agents are represented as heterogeneous sectoral units with different alloca-
tion requirements and response rules (Table 1).

Table 1. Response Rules of Water Demand Agents.

Agent Type Representation Response Rule
. Irrigation water requirement and Water allocation varies according to water
Agricultural agent - o1a1s e - o
water-use efficiency availability and irrigation efficiency conditions
. Industrial water demand and Allocation determined by water availability and
Industrial agent ) ) LT
economic benefit economic objective
. Population-related water Priority satisfaction under water allocation
Domestic agent . .
requirement constraints
Ecological agent Minimum ecological requirement Maintains ecological water constraints

Agricultural reference water demand was determined by the prescribed irrigation
requirement and irrigation efficiency. Where a higher irrigation efficiency was assumed in
the planned-network scenarios, less water withdrawal was required to meet the same net

irrigation requirement.
MSa

Yl

where Wa = agricultural water demand (m®); M = comprehensive net irrigation quota per

Wa = (1)

unit area (m?/km?); 57 = irrigation water utilization coefficient; Sa = irrigated area of the
farmland (km?).
Domestic reference demand was calculated using the population and per capita do-
mestic water-use quota specified for each scenario.
[Pag, + P(1 — a)q,]365

Wa = 1000 @)

where W, = domestic water demand (m?); p = the total population (person); a = urbaniza-
tion rate of the permanent resident population; g, = per capita daily domestic water quota
for urban residents (L/(person-d)); g, = per capita daily domestic water quota for rural
residents (L/(person-d)).
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Industrial agents represent sector-specific water demands and economic benefits asso-
ciated with water allocation.

W, = Qv (3)

where W, = industrial water demand (m?®); Q = industrial value added (10* CNY);
v = industrial water quota (m3/10* CNY).
Ecological agents represent minimum ecological water requirements.

We 2 Wtar (4)

where W, = the ecological water demand (m?®); W,, = the target ecological water
demand (m3).

2.3. Water Resource Allocation Model

The government agent represents regional water management authorities and under-
takes macro regulatory functions. Its core responsibilities include defining management
objectives, setting water allocation constraints, and dynamically adjusting regulatory strate-
gies based on system feedback. The government agent faces multi-faceted policy objectives
in water resources allocation, with divergent priorities across different regions and develop-
ment stages. In this study, three dimensions—water supply security, economic benefit, and
social equity—are incorporated into the objective functions to construct a multi-objective
optimization problem.

Objective 1: Minimization of regional integrated water deficit. The total water deficit of
all water demand agents throughout the entire simulation period is adopted as the optimiza-
tion objective, which directly reflects the balance between water supply and demand [21]:

T re
min f, = thl 1eZv max(0, q;“I(t) — q?loc(t)) (5)

where t = time period (month);T = total number of months in the simulation period (year);

V, = setof all water demand agents; 1 = index of water demand agent,1€ V;; qf

“(t) = water
demand of agent 1 in period t, 10® m?; g?!'°°(t) = actual allocated water volume of agent I in
period t, 108 m3; The deficit term takes only positive values to ensure only water shortages
are counted.

Objective 2: Maximization of economic benefit per unit water volume. This objective
quantifies water use efficiency and guides water allocation toward sectors with higher

economic output [22]:

T
Zt:l [Zlevmd GDPlrind (t) + Zlevmd GDPLagf (t>]
T
Zt=1 Zlevinduv q?lloc ®

agr

maxf, = 1074 (6)

where V4 = set of all industrial water demand agents; V,,,, = set of all agricultural water

agr
demand agents; GDP, ;,,4(t) = economic value added generited by industrial agent 1 during
period t, 10,000 CNY; GDP, . (t) = economic value added generated by agricultural agent 1
during period t, 10,000 CNY; qi“‘”oc (t) = actual allocated water volume of agent | in period t,
108 m3.

Objective 3: Improvement of spatial allocation equity. A lower value indicates a more
balanced spatial allocation pattern. For multi-administrative districts, the standard deviation

of water supply reliability across districts is used to measure spatial allocation equity [23]:

2

1Y _
min f; = \JMZ(SRm — SR) (7)

m=1
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where m denotes the index of an administrative district, m =1, ..., M, and M is the total
number of administrative districts; SR, = water supply reliability of administrative district
m; SR = average water supply reliability of all administrative districts; M = total number of
administrative districts.

Water supply agents represent heterogeneous water sources, including surface water,
groundwater, and unconventional water resources (Table 2). Each supply agent deter-
mines feasible allocation according to available resources, network connectivity conditions,
and governmental constraints. In this framework, connectivity is represented as a con-
straint on feasible water transfer pathways rather than an independent decision-making
agent. The water network is characterized by connected nodes and transfer links. Un-
der connected conditions, surface water agents can access additional transfer pathways
when local shortages occur, thereby expanding the feasible allocation space. Groundwater
and unconventional water agents provide supplementary allocation within extraction and
production constraints.

Table 2. Decision-Making Process of Water Supply Agents.

Step Agent Type Behavioral Decision Output Information
Perceive local available water volume; check
o . Allocated water volume for each
Surface water water network connectivity status; activate
1 . demand agent; water
supply agent water transfer scenarios; allocate water .
. o shortage signals
following priority rules
Perceive residual available water supply; Supplementary allocated water
Groundwater Lo for demand agents; updated
2 respond to water shortage applications .
supply agent s . cumulative groundwater
within allowable water yield .
extraction volume
. Calculate residual water deficit after surface Final allocated water volume;
Unconventional water . . .
3 supply acent and groundwater allocation; supply water residual system-wide
PPy a8 within treatment capacity limit water deficit

2.4. Scenario Framework and Model Implementation

To quantitatively assess the impacts of water network connectivity construction on
the water resources allocation pattern of the Poyang Lake Basin, this study establishes a
comparative scenario framework from two dimensions: water network connectivity status
and inflow frequency.

Two types of scenarios are designed for water network connectivity status: (1) Current
water network connectivity scenario: Only existing completed hydraulic projects and water
conveyance channels are activated, without incorporating planned new, reconstructed or
expanded projects. (2) Planned water network development scenario: Based on the existing
water network, planned new, reconstructed and expanded reservoirs, irrigation districts and
associated water-transfer infrastructure are incorporated into the scenario. This scenario
represents the combined effects of network development and changes in water storage,
supply capacity and service coverage. Therefore, the comparison between current and
planned scenarios evaluates the integrated effect of water network development rather than
the isolated effect of connectivity alone.

The planned water network scenario was developed based on the Jiangxi Provincial
Water Network Construction Plan. In addition to existing reservoirs and irrigation districts,
the scenario incorporated Grade A planned projects involving the construction, reconstruc-
tion, or expansion of large and medium-sized reservoirs and large irrigation districts. Grade
A projects were prioritized because their implementation schedules and project scales were
relatively well defined, making them more suitable for inclusion in the planning model.

https://doi.org/10.3390/app162111014


https://doi.org/10.3390/app162111014

Appl. Sci. 2026, 16, 11014 8 of 22

Irrigation projects classified as Grade B or below were not listed separately because their
implementation schedules remained uncertain. The selected projects included seven large
reservoirs, seven medium-sized reservoirs, two new large irrigation districts, and five large
irrigation districts undergoing continued construction, supporting works, or modernization
(Table 3). These projects were included in the planned water network scenarios (52 and S4),
whereas the current-network scenarios (S1 and S3) considered existing infrastructure only.

Table 3. Projects to Be Newly Built, Reconstructed and Expanded.

Category Name

Nanxi Reservoir, Wanlongshan Reservoir, Huagiao Reservoir, Liaofang
Reservoir, Sifangjing Reservoir, Epoling Water Conservancy Project,
Jiangkou Reservoir

Newly built, reconstructed and expanded
large reservoirs

Newly built, reconstructed and expanded Yanggianba Reservoir, Yangchikou Reservoir, Lingxia Reservoir, Chakeng
medium-sized reservoirs Reservoir, Huangkengkou Reservoir, Bihu Reservoir, Junshan Reservoir
Newly built large irrigation districts Da’ao Irrigation District, Meijiang Irrigation District
Continued construction, supporting facilities and Ganfu Plain Irrigation District, Yuanhui Canal Irrigation District, Liaohe

modernization renovation of large irrigation districts  Irrigation District, Jinbei Irrigation District, Baiyunshan Irrigation District

Two hydrological scenarios are set according to inflow frequency: (1) The 50% inflow
frequency serves as the baseline hydrological scenario to analyze the water resources al-
location pattern under normal supply-demand conditions. (2) The 95% inflow frequency
represents the extreme hydrological scenario, which is adopted to analyze the decision-
making behaviors and allocation outcomes of all agents under severe water shortage, and
evaluate the risk resistance capacity of the connected water network against extreme hy-
drological events. The inflow frequencies represent the exceedance probabilities of basin
inflow conditions derived from historical hydrological records. The 50% inflow frequency
represents a normal hydrological condition, whereas the 95% inflow frequency represents
an extreme low-inflow condition. In this study, the 95% scenario represents a basin-scale
severe water shortage condition used to evaluate the allocation responses under extreme
hydrological stress (Table 4).

Table 4. Scenario Settings.

Scenario Water Network Connectivity Status Inflow Frequency
S1 Current water network connectivity 50%
S2 Planned water network development 50%
S3 Current water network connectivity 95%
S4 Planned water network development 95%

Historical monthly streamflow records from 1956 to 2021 were used to characterize
hydrological conditions for scenario construction. For each gauging station, annual mean
discharge was calculated using years with complete records for all 12 months. The annual
mean discharge values were ranked in descending order, and empirical exceedance proba-
bilities were calculated using (8). A Pearson type III distribution was fitted to the annual
mean discharge series by estimating the coefficient of variation and coefficient of skewness

while keeping the mean fixed.
m

n+1

P = (8)
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where P = empirical exceedance probability; m = rank of the annual mean discharge
(descending order); n = number of valid years with complete monthly records.

1 1 n
< = i\lmziﬂ(xi—@z ®

_ nzinzl(xi - >_()3 (10)
 (n-1n-2)xC

where x; = annual mean discharge of the i-th year; X = sample mean of annual mean

discharge series; n = number of valid years (sample size); C, = coefficient of variation;
C, = coefficient of skewness.

For scenario construction, streamflow data from selected control stations were aggre-
gated to obtain regional inflow series (Table 5). Representative hydrological years were then
identified based on the exceedance frequency of the regional inflow series, and the observed
monthly discharge sequence for the selected year was used to construct the corresponding
inflow scenario. Two inflow-frequency conditions were considered: 50% and 95%. The
50% scenario represents a median-flow condition, whereas the 95% scenario represents a
low-flow condition. A common historical year was adopted for the eleven prefecture-level
cities in the 95% scenario to provide a consistent basis for basin-wide allocation comparison.

Table 5. Main Parameters of the Controlling Hydrological Stations of Poyang Lake.

Coordinates
Station Name Data Period
Longitude Latitude
Waizhou 115°50 28°38’ 1956-2021
Lijiadu 116°10’ 28°13’ 1956-2021
Meigang 116°49’ 28°26 1956-2021
Hushan 117°12' 29°16’ 1956-2021
Dufengkeng 117°16’ 28°55’ 1956-2021
Wanjiabu 115°41’ 29°10’ 1956-2021
Qiujin 115°39’ 28°51’ 1956-2021
Hukou 116°14' 29°43' 1956-2021

The model was implemented in Python 3.10 to determine the water allocation scheme
for the planning year 2030, using 2023 as the base year. NSGA-II was employed to optimize
the three objectives defined by the government agent: minimizing the regional integrated
water deficit, maximizing economic benefit per unit of allocated water, and minimizing
spatial disparities in water supply reliability. The algorithm was configured with a pop-
ulation size of 100, a maximum of 100 generations, a crossover probability of 0.90, and a
mutation probability of (1/n), where (n) denotes the number of decision variables. The
decision variables represent three government policy parameters: the water transfer ratio,
groundwater limit factor, ecological protection factor. The model therefore contains three
independent decision variables, each subject to predefined bounds. These parameters
regulate the allocation and demand-response processes of the supply and demand agents.
Water availability is determined by the supply agents, while the demand agents calculate
sectoral water requirements and update their state variables according to the resulting
allocation and water supply reliability. The allocation outcomes are then aggregated to
calculate the three objective values.

The government-agent feedback mechanism operates on a monthly basis rather than
through a separate iterative convergence loop. At the beginning of each month, the gov-
ernment agent determines policy parameters using the water supply reliability indicators
obtained from the preceding month. The supply and demand agents then calculate water
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availability and sectoral demands, respectively, and water is allocated according to the
prescribed sectoral priorities and source-specific allocation rules. At the end of each month,
the government agent updates its summary of regional and sectoral water supply reliability,
which informs its policy decisions for the following month. The simulation proceeds for
12 months and terminates when the predefined simulation horizon is completed; no addi-
tional feedback-convergence threshold is specified in the code. Thus, the model performs
12 monthly policy updates and 11 within-year transitions in which the preceding month’s
outcomes inform the next month’s policy decision. This monthly feedback process is distinct
from the 100 evolutionary generations of NSGA-II, which iteratively improve the candidate
policy solutions.

For each scenario, the non-dominated solutions obtained from the optimization process
were used to characterize the trade-offs among the three objectives. The final allocation
scheme was selected using the compromise solution principle, defined as the solution with
the minimum overall deviation from the ideal objective vector. Algorithm convergence
was examined using the hypervolume indicator calculated across successive generations,
together with changes in the objective values of the non-dominated solutions. The hyper-
volume indicator showed a tendency to stabilize in the later generations, suggesting that
the improvement in the non-dominated solution set became limited (Figure 2).

11

=
o

Hypervolume (HV)
o
©

0.8 —— Scenario 1

Scenario 2
= Scenario 3
—— Scenario 4

0 20 40 60 80 100
Generation

Figure 2. Hypervolume converge of NSGA-IL

Historical data from 2019 to 2023 were used to evaluate the model under the current
water infrastructure conditions. For each year, simulated and observed water consumption
was compared across the 11 administrative districts of the Poyang Lake Basin. The basin-
wide simulated and observed values reported in Table 6 are the aggregated values across the
11 districts. The model consistently underestimated observed water consumption during
2019-2023, with an overall percent bias of approximately —1.97%. Although the overall
percent bias was relatively small (—1.97%), the district-level MAE provides a complementary
measure of model accuracy. To evaluate the magnitude of the error relative to the scale of
water use in individual districts, the MAE was normalized by the mean observed water
consumption per district, calculated as the basin-wide observed consumption divided by
the 11 administrative districts. The normalized MAE ranged from 7.08% to 11.42% during
2019-2023, indicating that the average absolute error was equivalent to approximately
7-11% of the mean district water consumption. The relatively larger discrepancy in 2022
coincided with the severe drought that occurred in the Poyang Lake Basin, indicating that
the predefined allocation rules may not fully reproduce rapid responses under exceptional
hydrological conditions. The validation therefore evaluates the model’s ability to reproduce
historical water-use patterns at the aggregate and district levels. The validated model was
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subsequently used for comparative scenario analysis under different water network and
hydrological conditions.

Table 6. Comparison of simulated and observed annual water consumption (10% m?).

Simulated Observed Normalized
Year Value Value MAE RMSE MAE
2019 250.78 253.34 1.63 2.54 7.08
2020 239.42 244,12 2.26 417 10.18
2021 244.27 249.35 2.39 415 10.54
2022 263.52 269.77 2.8 4.39 11.42
2023 234.51 240.65 2.39 4.07 10.92

In the planned-network scenarios, the demand-side parameters were specified to
reflect the assumptions adopted for planned infrastructure development (Table 7). In
particular, agricultural irrigation efficiency was adjusted where supported by the scenario
parameter settings, while a higher per capita domestic water-use quota was assumed
to represent projected improvements in living standards. These assumptions affect the
reference demands used in the allocation model and are distinguished from changes in
actual water allocation resulting from water availability and network conditions.

Table 7. Parameters and Sources of Demand agents.

Agent Type

Parameter Symbol Source

Agricultural agent

Domestic agent

Industrial agent

Ecological agent

Comprehensive net irrigation quota M

per unit area

Irrigation water utilization coefficient 1 Research Repgrt on the “Four Waters and. Four
Irrigated area of the farmland 3 Determinations” Management Innovation
a Strategy for the Protection and Utilization of
Total population p Water Resources in the Poyang Lake Basin;
Urbanization rate of the permanent N Jiangxi Province Water Network Development
resident population Plan; Jiangxi Province Statistical Yearbook;
Per capita daily domestic water quota Jiangxi Province Water Resources Bulletin;
for urban residents du Jiangxi Province Water Network Development
Per capita daily domestic water quota Plan; Research Report on the “Four Waters and
for rural residents Ry Four Determinations” Management Innovation
Industrial value added Q Strategy for the Protection and Utilization of
. Water Resources in the Poyang Lake Basin
Industrial water quota Y
Target ecological water demand Wiar

A one-at-a-time sensitivity analysis was conducted to examine the effects of key input
parameters on the model outcomes (Table 8). Four parameters were selected: irrigation wa-
ter utilization coefficient, industrial value added, per capita daily domestic water quota for
urban residents, and target ecological water demand. Each parameter was independently
varied by £10% relative to its baseline value, while the other input parameters, scenario
settings, and government allocation policy were held constant. The results indicate that
irrigation efficiency had the strongest influence on total water shortage. A 10% decrease
irrigation water utilization coefficient increased total shortage by 20.51-25.32% across the
four scenarios, whereas a 10% increase reduced it by 15.31-19.39%. By comparison, changes
in industrial value added resulted in changes of approximately 1.17-1.62% in total short-
age. Changes in the per capita daily domestic water quota for urban residents and target
ecological water demand produced comparatively small changes in the three objective indi-
cators. This analysis evaluates parameter sensitivity under a fixed government allocation
policy. It does not represent the response of re-optimized solutions to parameter uncertainty
(Table 9).
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Table 8. Sensitivity of model objectives to +£10% changes in key input parameters.
Parameter Change Objective 1 (%) Objective 2 (%) Objective 3 (%)
Irrigation water utilization —-10% 20.51 25.32 0.34 0.66 13.6 19.46
coefficient 10% —19.39 —15.31 —0.61 —0.35 —18.31 —9.50
Industrial value added —10% -1.62 -1.17 0.76 0.97 —0.93 0.98
ndustrial value adde 10% 117 1.62 —0.96 -0.75 ~0.88 1.04
Per capita daily domestic water —10% -0.19 -0.14 0.11 0.15 0.01 0.24
quota for urban residents 10% 0.14 0.19 -0.15 -0.11 —0.24 —0.01
Target ecological water demand —10% —0.42 —0.30 0.20 0.23 —-0.01 0.34
10% 0.30 0.42 —0.23 —-0.20 —-0.32 0.01

Note: Values are percentage changes relative to the baseline results across Scenarios S1-S4. Negative
changes in Objectivel and Objective3 indicate reductions; a positive change in Objective2 indicates an
improvement. The reported ranges reflect differences among scenarios, not statistical uncertainty.

Table 9. Prefecture-level City Socioeconomic and Water-demand Parameters for 2030.

P(ZP ulation Industrial Value Added (10* CNY) Irrigation Water Utilization Coefficient

City (10* Persons)
S1-S4 S1 S2 S3 S4 S1 S2 S3 S4
Nanchang 656.82 2460.0 2610.9 2452.6 2604.2 0.59 0.60 0.59 0.60
Jingdezhen 161.67 468.0 4774 467.7 477.3 0.58 0.59 0.58 0.59
Pingxiang 180.16 405.9 405.8 405.3 405.5 0.59 0.60 0.59 0.60
Jiujiang 453.61 1538.8 1538.5 1536.4 1536.8 0.59 0.60 0.59 0.60
Xinyu 119.85 452.1 461.1 450.8 460.3 0.58 0.59 0.58 0.59
Yingtan 115.09 576.6 599.9 576.6 600.2 0.58 0.59 0.58 0.59
Ganzhou 898.92 1552.0 1559.5 1552.0 1560.2 0.59 0.60 0.59 0.60
Ji’an 438.61 1075.8 1113.8 1073.3 1112.6 0.59 0.60 0.59 0.60
Yichun 49443 1327.2 1320.4 1327.2 1321.0 0.58 0.59 0.58 0.59
Fuzhou 356.26 587.9 596.6 587.9 596.9 0.59 0.60 0.59 0.60
Shangrao 639.59 1100.4 1094.7 1100.4 1095.2 0.59 0.60 0.59 0.60

3. Case Study

The Poyang Lake Basin was selected as the study area for three main reasons. First,
Jiangxi Province is among the earlier provinces in China to implement the national water-
network development strategy, making the basin a representative case for examining water
allocation under ongoing water-network development. Second, the basin is a typical water-
abundant region in southern China, but its water resources are unevenly distributed in
time and space, resulting in seasonal shortages and regional mismatches between water
supply and demand. This makes it suitable for investigating water allocation responses
under different connectivity conditions and provides potential reference for other water-
abundant basins facing similar challenges. Third, the basin boundary largely overlaps with
the administrative boundary of Jiangxi Province, with approximately 96.62% of the basin
area located within Jiangxi Province. This relatively consistent spatial boundary facilitates
the correspondence between water-management policies and the agents represented in
the model.

The Poyang Lake Basin covers a drainage area of 162,225 km?, accounting for approx-
imately 9% of the Yangtze River Basin’s total area. Of this total, 156,743 km? lie within
Jiangxi Province, equivalent to 96.62% of the entire basin area. Although approximately
96.62% of the Poyang Lake Basin lies within Jiangxi Province, the remaining 3.38% extends
beyond the provincial boundary. The watershed boundary is largely consistent with the
administrative boundary of Jiangxi Province. The allocation model is administratively
represented by the 11 prefecture-level cities in Jiangxi Province. Therefore, the portion
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outside Jiangxi Province is not represented as a separate administrative unit or demand
agent in the model (Figure 3). According to official statistical data of Jiangxi Province, the
permanent resident population of the Poyang Lake Basin reached 45.15 million by the end
of 2023. Nanchang and Ganzhou recorded the highest regional GDP, at 721.29 billion yuan
and 460.62 billion yuan respectively. Jiangxi Province’s total water consumption in 2023
stood at 240.65 x 108 m3, with the provincial comprehensive per capita water consumption
reaching 533 m>. In terms of water use structure, agricultural water consumption remains
dominant, reaching 169.16 x 10% m® and making up 70.3% of total water use. Agricultural
water demand is mainly concentrated in major grain-producing regions of central and south-
ern Jiangxi, with paddy field irrigation as the primary water-consuming activity. Industrial
water use totaled 37.92 x 10® m?, accounting for 15.8% of the provincial total. High water-
consuming industries include thermal power, iron and steel, petrochemicals, and lithium
battery manufacturing, whose water demands are primarily distributed in Jiujiang, Xinyu,
Yichun and other cities. Domestic water consumption amounted to 29.52 x 108 m3 (12.3%
of total use), showing a steady upward trend alongside urbanization progress. Ecological
environmental water use was 4.05 x 108 m?, representing 1.7% of overall water withdrawal.
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Figure 3. Prefecture-level cities in the Poyang Lake basin, Jiangxi Province.

4. Results
4.1. System-Level and Spatial Allocation Performance Under Different Scenarios

A satisfactory solution refers to a set of decision alternatives on the Pareto frontier
that achieve an “acceptable” level for each objective after a comprehensive trade-off among
the three objectives. Table 10 presents the recommended water allocation solutions for
various cities and the final values of the three objective functions. Figures 4-7 illustrate
the selection of satisfactory solutions for each scenario. Figure 8 shows the reliability of
each prefecture-levelcity under scenarios S1-54. The results indicate that the planned water
network development scenario is associated with lower modeled water deficits, with a
more pronounced reduction under severe water scarcity. Under the 50% inflow-frequency
scenario, the reported deficit decreases from 3.48 x 108 m3 in S1 to 3.00 x 108 m® in S2, a
reduction of approximately 13.8%. Under the 95% inflow-frequency scenario, it decreases
from 35.73 x 10® m® in S3 to 17.43 x 10® m3 in S4, a reduction of approximately 51.2%.
These results indicate that the combined effects of planned water network development
and associated infrastructure changes are more pronounced under low-inflow conditions.
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Table 10. Recommended Solutions under Multi-objective Conditions (10% m?).

Prefecture-Level
City

Scenario 1

Scenario 2

Scenario 3

Scenario 4

Nanchang
Jingdezhen
Pingxiang
Jivjiang
Xinyu
Yingtan
Ganzhou
Ji’an
Yichun
Fuzhou
Shangrao
Objective 1
Objective 2
Objective 3

32.09
7.09
8.36

2341
8.21
8.05

35.97

31.91

36.87

24.80

32.02
3.48

28.51

0.0074

32.92
6.99
8.51

24.00
8.24
8.59

36.10

31.95

36.90

24.90

32.77
3.00

28.81

0.0061

24.18
6.74
6.71

15.70
5.65
7.29

26.15

21.35

24.05

17.57

28.82

35.73

27.75

0.0095

26.19
6.64
7.15

18.25
6.27
8.16

29.73

24.83

27.88

20.42

29.49
17.43
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Figure 5. Pareto fronts for S2.
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Figure 8. The Reliability of All 11 Prefecture-level Cities under S1-54.

Economic benefit per unit of allocated water also increases in the planned development
scenarios. The indicator rises from 28.51 CNY/m? in S1 to 28.81 CNY/m? in S2, and from
27.75 CNY/m3 in S3 to 28.30 CNY/m? in S4, corresponding to increases of approximately

1.05% and 1.98%, respectively. Although the relative improvement is greater under the

95% inflow-frequency scenario, the absolute indicator remains lower than under the 50%

inflow-frequency scenario. This suggests that the economic performance of the allocation

solution remains constrained by hydrological conditions, even when planned infrastructure

development improves the modeled allocation outcome.

The spatial results show that allocation changes vary across prefecture-level cities.

Under the 50% inflow-frequency scenario, the changes are relatively modest. Under the 95%

inflow-frequency scenario, allocations increase from 26.15 to 29.73 x 10® m? in Ganzhou,
from 21.35 to 24.83 x 108 m? in Ji’an, from 24.05 to 27.88 x 10® m? in Yichun, and from 17.57
t0 20.42 x 108 m? in Fuzhou. In contrast, Jingdezhen’s allocation decreases slightly from 6.74

to 6.64 x 10% m?, while Shangrao experiences a smaller increase. These differences indicate

that the benefits of the planned development scenario are spatially heterogeneous. Because

the scenario also incorporates planned infrastructure and changes in supply capacity and

service coverage, these differences cannot be attributed to network connectivity alone.

The spatial allocation equity indicator remained at 0.01 across the four scenarios at

the precision. The spatial distribution of water supply reliability further reveals the het-

erogeneous effects of water network connectivity across prefecture-level cities (Figure 7).

Jingdezhen and Shangrao maintain a reliability of 100% under all four scenarios, whereas rel-

atively lower reliability is observed in Yichun and Jiujiang. Under the planned-connectivity

scenarios, the reliability of several water-scarce cities, including Ganzhou, Ji’an, and Fuzhou,

improves compared with the corresponding existing-connectivity scenarios. These differ-

ences indicate that the effects of connectivity are spatially heterogeneous rather than uniform
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across the basin. The aggregate indicator should therefore be considered together with
regional integrated water deficit and economic benefit per unit water volume results when
evaluating spatial equity.

Opverall, the planned water network development scenario is associated with reduced
modeled deficits and improved economic benefit per unit of allocated water, particularly
under the 95% inflow-frequency scenario. However, the magnitude of these improvements
needs to be interpreted alongside changes in sectoral demand, infrastructure capacity, and
spatial allocation.

4.2. Responses of Water Supply Agents

The results show that planned water network development primarily changes the
allocation of surface water (Table 11). Under the 50% inflow-frequency scenario, surface
water allocation increases from 237.39 x 108 m?® in S1 to 240.68 x 108 m® in S2. Under the
95% inflow-frequency scenario, it increases from 172.81 x 108 m® in S3 to 193.83 x 108 m?
in S4. The larger increase under low-inflow conditions suggests that the planned develop-
ment scenario provides additional opportunities to redistribute surface water when water
availability is more constrained.

Table 11. Water Allocation Results in the Poyang Lake Basin for 2030 (108 m?).

Category Scenario 1 Scenario 2 Scenario 3 Scenario 4
Surface Water 237.39 240.68 172.81 193.83
Groundwater 7.69 7.48 7.69 7.48

Unconventional Water 3.70 3.70 3.70 3.70
Total 248.78 251.87 184.20 205.01

Groundwater allocation reached the allowable extraction limit in all four scenarios, with
values of 7.69 x 108 m3 under the existing-network scenarios (S1 and S3) and 7.48 x 108 m3
under the planned-network scenarios (S2 and S4). The lower groundwater allocation
in S4 than in S3 is therefore attributable to the lower extraction limit prescribed for the
planned-network configuration, rather than a direct response to the hydrological condition.
Although an agricultural deficit of 17.43 x 108 m? remains in S4, groundwater extraction
cannot increase further because the allowable limit has already been reached. Similarly,
unconventional water allocation remains constant at 3.70 x 108 m? in all scenarios, as it
reaches the prescribed treatment capacity. Thus, the observed changes in water supply
are concentrated in surface water, whereas groundwater and unconventional water show
little or no variation. Subject to these constraints, the results suggest that planned water
network development changes the supply structure mainly through increased surface-water
allocation rather than through increased use of all available water sources.

4.3. Responses of Water Demand Agents

Agricultural allocation and water deficits varied across the four scenarios (Table 12). Un-
der the 50% inflow-frequency scenarios, agricultural allocation decreased from 156.17 x 108 m?
in S1 to 150.32 x 108 m? in S2, while the deficit decreased from 3.48 x 10% m?3 to 3.00 x 108 m3.
The lower reference demand in S2 is associated with the higher irrigation efficiency assumed
for the planned-network scenario, which reduces the gross water withdrawal required to
meet the prescribed net irrigation requirement. Under the 95% inflow-frequency scenarios,
agricultural allocation increased from 98.39 x 10® m?® in 53 to 109.73 x 10® m? in $4, while the
deficit decreased from 35.73 x 108 m? to 17.43 x 108 m3. The substantially larger deficit under
the 95% inflow-frequency scenarios reflects the more severe water-availability constraints,
despite the reduced agricultural demand prescribed for these scenarios. These comparisons
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reflect the combined effects of water availability, irrigation-efficiency assumptions, and
planned infrastructure development, rather than the isolated effect of network connectivity.

Table 12. Water Allocation Results by Water User in the Poyang Lake Basin for 2030.

Category Water User Scenario 1 Scenario 2 Scenario 3 Scenario 4
Agriculture 159.65 153.32 134.12 127.16
Reference Industry 59.38 65.61 53.44 60.36
demand (108 m) Domestic 29.85 32.27 29.85 32.27
Ecology 3.38 3.67 2.52 2.65
Total 252.26 254.87 219.93 222.44
Agriculture 156.17 150.32 98.39 109.73
Allocated water Industry 59.38 65.61 53.44 60.36
volume(108 m?) Domestic 29.85 32.27 29.85 32.27
Ecology 3.38 3.67 2.52 2.65
Total 248.78 251.87 184.20 205.01
Agriculture 3.48 3.00 35.73 17.43
. Industry 0.00 0.00 0.00 0.00
W?ieors Crlflgl)“t Domestic 0.00 0.00 0.00 0.00
Ecology 0.00 0.00 0.00 0.00
Total 3.48 3.00 35.73 17.43
Agriculture 2.18 1.96 26.64 13.71
- Industry 0.00 0.00 0.00 0.00
Water ‘?f/f;c“ rate Domestic 0.00 0.00 0.00 0.00
Ecology 0.00 0.00 0.00 0.00
Total 1.38 1.18 16.25 7.84

Industrial allocation increased by 6.23 x 108 m?® from S1 to S2, whereas agricultural
allocation decreased by 5.85 x 108 m3. This contrasting pattern indicates a change in the
sectoral allocation structure under a relatively small increase in total allocated water. It is
consistent with the influence of Objective 2, which maximizes economic benefit per unit
of allocated water, although the shift cannot be attributed to this objective alone because
water availability, demand settings, and the other optimization objectives also affect the
allocation outcome.

Domestic water allocation was 29.85 x 108 m3 in S1 and S3, and 32.27 x 108 m3 in S2
and S4. In the planned-network scenarios, a higher per capita domestic water-use quota
was assumed to represent projected improvements in living standards, resulting in a higher
reference domestic demand. The difference in domestic allocation therefore needs to be
interpreted in conjunction with the corresponding reference demand and the model’s
allocation constraints.

Ecological allocation increases from 3.38 x 10 m? in S1 to 3.67 x 108 m? in S2, but
increases from 2.52 x 108 m? in S3 to 2.65 x 10® m® in S4. Limited by model precision,
although the simulation shows no ecological water deficit for each scenario, it cannot
confirm that minimum ecological flow requirements are satisfied at every location and each
time step, nor that ecosystem recovery is attained.

Overall, the results show that the planned development scenario produces differenti-
ated allocation changes across agricultural, industrial, domestic and ecological uses. These
changes reflect the combined effects of water availability, sector-specific demand and ef-
ficiency assumptions, allocation priorities, and the economic and equity objectives of the
model. The results therefore demonstrate differences in the simulated allocation responses,
while the extent to which these differences represent actual behavioral adaptation depends
on the assumptions and decision rules specified for each agent.
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5. Discussion

The results indicate that the allocation benefits associated with planned water net-
work development vary with hydrological conditions. The total water deficit decreased
from 3.48 x 10® m? to 3.00 x 108 m® under the 50% inflow-frequency scenario, and from
35.73 x 108 m3 to 17.43 x 10® m® under the 95% inflow-frequency scenario. The larger
reduction under extreme low-inflow conditions suggests that expanding water-transfer
pathways and associated infrastructure may provide greater opportunities to redistribute
available water when local shortages become more severe. This finding is consistent with
Sun [17], who demonstrated that water-transfer infrastructure can buffer water-scarcity
risks, and with Liu, who found that the impacts of inter-basin water transfer vary substan-
tially across sub-basins and include both benefits and potential costs [24]. Research on
the joint operation of transferred and local water supplies has also highlighted the impor-
tance of coordinating water diversion, supply, and allocation under different hydrological
conditions [25]. Rollason emphasized that water transfer schemes should be evaluated
not only in terms of additional water supply but also in relation to their wider social and
environmental implications [15]. Building on these studies, the present analysis examines
how the allocation outcomes of planned network development vary between normal and
extreme low-inflow scenarios. Nevertheless, because the planned scenario incorporates
new or expanded reservoirs, irrigation districts, and associated transfer infrastructure, the
observed reductions represent the combined effects of network development and changes
in storage capacity, supply capacity, and service coverage, rather than the isolated effect of
connectivity alone.

The supply-side results help explain how these allocation outcomes arise within the
model. Changes in total water supply were primarily associated with surface water, which
increased from 237.39 x 108 m? to 240.68 x 10% m3 under the 50% inflow-frequency scenario
and from 172.81 x 10® m to 193.83 x 10® m® under the 95% inflow-frequency scenario. By
comparison, groundwater allocation changed only slightly, while unconventional water
remained constant across the four scenarios. This pattern suggests that, under the pre-
scribed extraction and production constraints, the modeled response to planned network
development occurs mainly through the redistribution and increased allocation of surface
water rather than through a uniform increase in all water sources. The result is consistent
with the emphasis in multisource water-allocation research on coordinating transferred
water with local supplies to improve the use of available resources [25]. It also illustrates
the value of distinguishing between the availability of different water sources and their
actual allocation to users. In the present model, network development changes the feasible
allocation conditions, but the resulting supply structure remains bounded by source-specific
capacities and regulatory constraints.

The demand-side results reveal an important interaction between additional water
availability and changes in sectoral allocation. Under the 50% inflow-frequency scenario,
total water supply increased by 3.09 x 108 m® from S1 to S2, whereas the total water deficit
decreased by only 0.48 x 108 m®. Meanwhile, total reference water demand increased from
252.26 x 10® m3 to 254.87 x 10® m3. This comparison indicates that the increase in reference
demand partially offset the potential reduction in water deficit associated with the additional
supply. However, this percentage represents an accounting relationship between changes
in modeled supply and reference demand, rather than a direct measurement of induced
water consumption or a causal estimate of the rebound effect. Similar supply-demand
cycles have been reported in studies of reservoir development and water transfer, where
increased water availability can stimulate additional demand and gradually offset the initial
benefits of supply expansion [26,27]. Di Baldassarre et al. [26] further highlighted the
reservoir effect, whereby increasing reliance on reservoir storage may increase vulnerability
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to subsequent droughts. These findings suggest that infrastructure development should be
evaluated together with the demand responses and long-term management arrangements
that accompany additional water availability.

The irrigation-efficiency assumption also requires consideration in relation to the
irrigation-efficiency paradox. In the present model, higher irrigation efficiency in the
planned-network scenarios reduces the gross agricultural water requirement for a prescribed
net irrigation requirement. Accordingly, agricultural reference demand decreases from
159.65 x 10® m? in S1 to 153.32 x 10® m? in S2. This represents a modeled reduction in
irrigation withdrawals under the specified demand assumptions. However, previous studies
have shown that improvements in irrigation efficiency do not necessarily result in basin-wide
water conservation, because farmers may expand irrigated areas, change crop patterns,
or increase water consumption, while reductions in return flows may also affect water
availability for downstream users [27,28]. Therefore, the reduction in agricultural reference
demand should not be interpreted as evidence that the irrigation-efficiency paradox is
absent. Rather, it reflects the prescribed efficiency assumptions, and the potential rebound
effects of irrigation modernization remain an important issue for future investigation.

The consequences of planned network development differ among sectors and hydrolog-
ical conditions. Under the 50% inflow-frequency scenario, industrial allocation increased by
6.23 x 10® m3, while agricultural allocation decreased by 5.85 x 108 m?, despite a relatively
small increase in total allocated water. Under the 95% inflow-frequency scenario, both
industrial and agricultural allocations increased, and the agricultural deficit decreased from
35.73 x 108 m? to 17.43 x 10® m3. These contrasting outcomes suggest that changes in water
availability do not translate into uniform allocation gains across sectors. Instead, the result-
ing distribution reflects the interaction of hydrological conditions, sector-specific demand
assumptions, allocation priorities, and the government’s economic-efficiency and water-
security objectives. This interpretation is consistent with research showing that water use
in different sectors responds differently to drought and other hydroclimatic extremes [29].
It also relates to Gohari, who demonstrated that water-transfer interventions can have
unintended consequences when changes in supply interact with socioeconomic demand
and resource-management processes [30]. The results identify differentiated, rule-based
allocation responses and show why sectoral allocation patterns need to be considered along-
side aggregate water-shortage indicators. Although the spatial equity objective remained
unchanged at the reported precision, this does not negate the observed changes in sectoral
and city-level allocation; it indicates that these changes were not reflected in a measurable
improvement in the aggregate equity indicator used in this study.

The main methodological contribution is to connect heterogeneous water supply
and demand agents with government-level multi-objective optimization under alternative
water availability and network development scenarios. Rather than focusing only on an
optimal aggregate allocation, the framework makes it possible to examine how changes in
water availability and feasible transfer pathways are reflected in the allocation outcomes of
different sectors and water sources. This perspective complements previous multi-agent and
multi-objective water-allocation studies, which have demonstrated the value of representing
interactions among government and water-user agents when analyzing competing allocation
objectives [31].

6. Conclusions

This study developed a multi-agent water resource allocation framework under the
complex adaptive systems perspective, linking heterogeneous water supply and demand
agents with government-level multi-objective optimization. The framework enables the
examination of how alternative water network development scenarios and hydrological
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conditions are reflected in aggregate allocation performance and sector-specific allocation
outcomes. The main conclusions are as follows.

In the Poyang Lake Basin simulations, the planned water network development scenario
was associated with lower total water deficits and higher economic benefits per unit of
allocated water. Under the 50% inflow-frequency scenario, the modeled deficit decreased
by 13.8%, while under the 95% inflow-frequency scenario, it decreased by 51.2%. Economic
benefits per unit of allocated water increased by 1.05% and 1.98%, respectively. These
results indicate that the modeled benefits of planned water network development were more
pronounced under extreme low-inflow conditions. However, because the planned scenario
also incorporates changes in infrastructure and supply capacity, these improvements cannot
be attributed to connectivity alone.

The simulations revealed differentiated allocation responses across water sources
and user sectors. On the supply side, changes under the planned development scenario
were concentrated in surface water allocation, while groundwater allocation changed only
slightly and unconventional water allocation remained constant under the prescribed model
constraints. On the demand side, agricultural allocation and deficits varied substantially
across hydrological scenarios, while industrial, domestic, and ecological allocations followed
different patterns. These results demonstrate the value of examining source-specific and
sector-specific allocation outcomes alongside aggregate performance indicators. However,
the simulated differences reflect the model’s specified demand assumptions, allocation
rules, and optimization objectives, rather than direct evidence of autonomous behavioral
adaptation in the real water management system.

From a management perspective, water network planning should be coordinated with
hydrological risk assessment, reservoir operation, and sector-specific allocation priorities.
Under severe low-inflow conditions, particular attention should be given to agricultural
water deficits and the coordination of available surface water across regions. Economic
efficiency should also be considered alongside regional allocation equity, as the aggregate
equity indicator showed no change at the reported precision in this study. These implications
provide decision-support insights for water allocation planning.

This study has two main limitations. The hydrological scenarios and temporal resolu-
tion impose additional limitations on the interpretation of the results. The inflow scenarios
were derived from historical streamflow records for 1956-2021 and therefore reflect histori-
cal flow-frequency characteristics rather than explicit projections of future climate change
or hydrological non-stationarity. Although the 95% inflow-frequency scenario represents
a severe low-flow condition in the frequency analysis, it should not be interpreted as a
complete representation of future drought risk under a changing climate. In addition, the
same representative historical year was used to construct the 95% regional inflow scenario
for the eleven prefecture-level cities. This assumption facilitates consistent basin-wide
comparison but may not capture the spatial heterogeneity of droughts, in which different
sub-basins experience different magnitudes and timing of low flows.

The allocation model operates at an annual time step and does not explicitly resolve
seasonal allocation dynamics. Consequently, it cannot fully represent the timing of seasonal
agricultural water demand or the intra-annual evolution of drought conditions, including
the summer—-autumn low-flow conditions observed in 2022. Moreover, the model does
not explicitly simulate the hydrodynamic exchange between Poyang Lake and the Yangtze
River, including backwater effects, river-lake interactions, and associated lake-level fluc-
tuations. These processes may influence water availability and ecological conditions but
are not resolved by the present allocation framework. Future work should incorporate
non-stationary hydrological scenarios, spatially differentiated drought conditions, finer
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temporal resolution, and a more explicit representation of river—lake interactions to improve
the assessment of water allocation reliability under extreme hydrological conditions.
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