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Abstract

Semi-arid wetlands are highly sensitive to changes in hydrological regimes, as strong
evaporation often exceeds limited natural recharge. Ecological water replenishment is
widely used to restore these systems, but schemes designed only to meet water-volume
targets may cause excessive hydrodynamic disturbance, promote sediment resuspension,
and increase the release of internal pollutants. In this study, we developed an ecological
water-replenishment assessment framework for Chahannaoer Wetland that incorporates
ecological water-demand thresholds, suspended-solids disturbance, and an AHP–entropy
weight–TOPSIS decision model. Using hydrological and meteorological data from 2014
to 2024, six replenishment scenarios were evaluated in terms of water-balance recovery,
disturbance control, and habitat suitability. The results show that Chahannaoer Wet-
land experienced a persistent evaporation-dominated water deficit. The mean annual
natural recharge was 0.225 × 108 m3, with a mean annual ecological water shortage of
1.03 × 108 m3 and an evapotranspiration-to-recharge ratio of 3.42–4.56. Based on the pre-
vious comprehensive water-quality assessment using DO, COD, NH3-N, TN, and TP, the
minimum water volume required to maintain Class IV water quality was 0.86 × 108 m3,
whereas the suitable ecological water demand ranged from 1.27 × 108 to 1.56 × 108 m3.
With the total replenishment volume held constant, centralized replenishment met the
required water volume but substantially increased near-bed disturbance and sediment
resuspension risk. By contrast, decentralized uniform replenishment performed best, with
the highest relative closeness coefficient of 0.9105, a disturbance index of approximately
0.32, and water depths maintained within the suitable habitat range of 30–50 cm. These
findings suggest that ecological restoration in semi-arid wetlands should move beyond
volume-based water supplementation and pay greater attention to the timing, pathway, and
hydrodynamic effects of replenishment. The proposed framework provides a quantitative
basis for optimizing ecological water replenishment in evaporation-dominated wetlands
and other inland lakes in arid and semi-arid regions.

Keywords: Chahannaoer Wetland; near-natural water replenishment; relict gull; ecological
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1. Introduction
Inland wetlands regulate regional hydrological processes, sustain biodiversity, and

buffer local climatic variability [1]. In semi-arid regions, terminal lakes are increasingly
destabilized by climate warming and intensified water withdrawals, which together drive
hydrological contraction, salinization, and habitat degradation [2]. These shallow endorheic
systems depend largely on episodic runoff recharge but lose substantial water through
evaporation, leaving their water balance highly sensitive to climatic variability and external
water regulation [3]. As lake levels decline, exposed sediments become sources of salt
accumulation and potential internal pollution, while the fragmentation of aquatic and
littoral habitats reduces the capacity of wetlands to support waterfowl breeding and
regional biodiversity [4,5]. Restoring degraded wetlands in semi-arid regions therefore
requires not only sufficient ecological water supplementation, but also effective control of
hydrodynamic disturbance induced by the replenishment process.

Ecological water demand defines the minimum hydrological condition required to
sustain wetland structure, ecosystem processes, and key habitat functions [6]. Its quantifi-
cation has commonly relied on water-balance, water-exchange, and ecological-function
approaches, each emphasizing different hydrological processes and ecological require-
ments. Water-balance methods estimate demand from the equilibrium between inflows
and losses, but their reliability is often constrained by uncertainties in runoff, seepage, and
evaporation dynamics [7,8]. Water-exchange methods capture water-renewal requirements
and hydrological connectivity, yet they provide limited representation of intra-annual
variation in habitat and vegetation water demand. Ecological-function methods offer a
more process-oriented alternative by integrating vegetation evapotranspiration, habitat
maintenance, and open-water evaporation. This integrated approach is particularly suitable
for degraded semi-arid wetlands, where ecological water demand is shaped not only by
volumetric deficits, but also by habitat maintenance, vegetation water use, and ecosystem
stability [9,10]. For example, using a wetland restoration project in western Jilin Province,
China, as a case study, Xu et al. estimated suitable ecological water demand under different
historical restoration scenarios using the ecological-function method and showed that
wetland area, precipitation, evapotranspiration, and other environmental factors jointly
influenced changes in wetland ecological water demand [11].

Ecohydrological research has moved beyond water-quantity regulation and now places
greater emphasis on the interactions among hydrological processes, ecological responses,
and human activities in ecosystem restoration [12]. This development has encouraged
the use of multi-source monitoring and integrated modelling across different spatial and
temporal scales. However, conventional static estimates of ecological water demand often
fail to capture the dynamic relationships among water quantity, water level, water quality,
and habitat response during wetland restoration. Evidence from large North American
basins and inland lakes in Central Asia also shows that maintaining water levels alone is not
sufficient to ensure long-term ecosystem stability [13]. Artificial replenishment can further
alter local hydrodynamic conditions, resuspend bed sediments, and promote the release of
internal pollutants, thereby reducing the expected improvement in water quality [14].

Ecological thresholds are therefore essential for interpreting wetland responses to
replenishment. Water depth, water-level fluctuation, and water-renewal rate influence nu-
trient transport, vegetation succession, and waterfowl habitat suitability, and thus serve as
key indicators of wetland functional stability [15]. Existing multi-criteria decision-making
methods, however, still depend heavily on subjective weighting and pay insufficient atten-
tion to physical processes such as hydrodynamic disturbance and sediment stability. This
limitation calls for an assessment approach that links ecological water demand with hydro-
dynamic thresholds and habitat requirements in wetland replenishment planning [16].
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Despite substantial progress in estimating wetland ecological water demand, applying
these estimates to practical replenishment planning remains challenging under complex
and variable hydrological conditions. Many existing studies rely on short observational
records, which limits their ability to account for the effects of long-term climatic variabil-
ity on ecological water requirements. They also tend to focus on static water-demand
estimation, while the adaptive evaluation of alternative replenishment scenarios remains
underdeveloped. In addition, conventional multi-criteria evaluation frameworks often
emphasize weighting schemes but give limited consideration to hydrodynamic distur-
bance, sediment stability, and habitat suitability. These limitations indicate the need for
a replenishment-assessment framework that integrates long-term hydrological change,
ecological water-demand thresholds, and physically based constraints.

Chahannaoer Wetland, located in the transition zone between the Inner Mongolia
Plateau and the mountainous region of northern Hebei Province, is a typical precipitation-
fed, salinized shallow lake wetland in a semi-arid region [17]. It also provides important
breeding habitat for the globally endangered Relict Gull (Larus relictus). Under a prolonged
negative water balance, the wetland has experienced sustained surface-area shrinkage and
ecological degradation. Restoration efforts are further constrained by uncertainties in eco-
logical water demand, inefficient water-regulation strategies, and the lack of a quantitative
basis for optimizing ecological replenishment [18].

Here, we develop a hydrodynamically constrained ecological replenishment frame-
work for Chahannaoer Wetland, a representative semi-arid inland wetland, using multi-
source hydrometeorological data from 2014 to 2024. The framework couples ecological
water-demand thresholds, water-balance processes, and hydrodynamic constraints to test
three research questions:

(1) Chahannaoer Wetland has remained in an evaporation-dominated negative water-
balance state, and a substantial quantitative gap exists between natural recharge and
ecological water demand;

(2) Ecological water demand is governed by multiple threshold components related to
habitat maintenance, vegetation transpiration, lake evaporation–seepage loss, and
water-quality dilution;

(3) Replenishment configuration, rather than replenishment volume alone, significantly
affects hydrodynamic disturbance, sediment resuspension risk, and habitat suitability.

Accordingly, this study quantifies ecological water-demand thresholds and interannual
replenishment deficits, characterizes the long-term evolution of wetland water balance,
and identifies an ecological replenishment strategy that integrates hydrological stability,
water-quality regulation, and habitat suitability across multiple scenarios.

2. Overview of the Study Area and Data Sources
2.1. Overview of the Study Area

The Chahannaoer Wetland (113◦13′03′ ′–114◦26′12′ ′ E, 41◦05′12′ ′–42◦03′24′ ′ N) strad-
dles the border between Shangdu County in the Inner Mongolia Autonomous Region
and Shangyi County in Hebei Province, China. Positioned in the transition zone between
the Inner Mongolia Plateau and the mountainous region of northern Hebei (Figure 1),
the wetland is a typical precipitation-fed, salinized shallow lake wetland in a semi-arid
region [19]. The region is characterized by a temperate continental climate, with mean
annual precipitation of approximately 321.8 mm, strong seasonal variability in rainfall, and
potential evapotranspiration that substantially exceeds precipitation. Wetland hydrology is
sustained by precipitation, episodic surface runoff, and groundwater inflow, with direct
precipitation serving as the primary recharge source [20]. In recent decades, climatic vari-
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ability and intensive human water use have jointly driven a marked contraction of the lake
surface area, intensifying lakebed exposure, soil salinization, and ecosystem degradation [2].
The wetland supports distinctive biological assemblages, including emergent macrophyte
communities dominated by Phragmites australis and isolated sandbars that provide critical
breeding habitat for the globally endangered Relict Gull (Larus relictus) [13,21]. These biotic
components are highly sensitive to water-level fluctuation, sediment-resuspension-induced
turbidity, and habitat fragmentation. Ecological restoration in Chahannaoer therefore
requires more than volume-based water supplementation; it also depends on regulating
hydrodynamic disturbance, maintaining water clarity, and sustaining suitable water depths
for nesting and foraging habitats.

Figure 1. Location of the Chahannaoer Wetland and its surrounding hydrological setting.

2.2. Wetland Water-Balance Model

The hydrological budget of Chahannaoer Wetland was quantified using a wetland
water-balance model based on mass conservation [22]. Over a given time interval, the
change in wetland water storage was calculated as the difference between total inflows and
total outflows. The model is expressed as

∆V = Pin − (Ewater + Tveg + Sleak) (1)

where ∆V denotes the change in wetland water storage (m3); Pin denotes the long-term
mean natural inflow to the lake. Considering that surface runoff is strongly regulated by
upstream reservoirs and that stable groundwater recharge has been weakened by regional
groundwater-level decline [23], Pin in this study mainly refers to rainfall recharge; Ewater

denotes lake-surface evaporation loss (m3); Tveg denotes vegetation transpiration water
consumption (m3), with Phragmites australis used as the representative species; and Sleak

denotes groundwater leakage loss from the lake area (m3).
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Lake-surface evaporation was calculated from observed evaporation data and water-
surface area. Vegetation transpiration was estimated using Phragmites australis as the
representative species. Groundwater leakage was calculated using Darcy’s law:

Q = K × i × A (2)

where Q is the seepage flux (m3 d−1); K is the hydraulic conductivity (m d−1); i is the
hydraulic gradient; and A is the cross-sectional area perpendicular to the flow direction
(m2). In this study, K was set to 0.17 m d−1, mainly based on the silty loam texture of the
Chahannaoer lake area and typical hydraulic conductivity values for comparable soils.
The hydraulic gradient i was set to 1%, based on regional groundwater-gradient data.
The cross-sectional area A was set to 50.8 km2, primarily according to remote-sensing
interpretations of the Chahannaoer lake–marsh area, lake-basin boundary, and potential
seepage-control zone from the research team’s previous work.

2.3. Ecological Water Demand Accounting Method
2.3.1. Water Requirement of Biological Habitat

Habitat water requirement was defined as the water volume needed to maintain
suitable inundated area and water-depth conditions for waterbirds and other wetland
organisms [24]. It was calculated as follows:

Wq = A × b × h (3)

where Wq is the habitat water requirement (m3), A is the total lake area (m2), b is the
proportion of flooded area, and h is the suitable water depth (m). According to wetland
habitat-maintenance requirements and relevant studies, inundation over 40%–50% of
the total wetland area is generally favorable for sustaining biological habitat conditions.
Accordingly, the inundated-area proportions were set to 40% and 50% for the minimum and
suitable ecological water-demand scenarios, respectively. The corresponding representative
water depths were set to 0.5 m and 1.0 m, respectively; these values can satisfy the general
shallow-water habitat requirements for reed growth as well as fish growth and reproduction,
and they fall within the observed water-depth range of Chahannaoer Wetland.

2.3.2. Vegetation Transpiration Water Requirement

Vegetation transpiration water requirement was estimated using the FAO crop-
coefficient method [25]:

Wp(t) =
∫ t

0

n

∑
i=1

(Kci × ET0 × Api) dt (4)

where Kci is the crop coefficient of reed at different growth stages, with values of 0.9,
1.2, and 0.7 for the initial, middle, and late stages, respectively; ET0 is the reference crop
evapotranspiration; and Api is the reed distribution area.

Reference crop evapotranspiration (ET0) was calculated using the FAO Penman–
Monteith equation:

ET0 =
0.408∆(Rn − G) + γ 900

T+273 u2(es − ea)

∆ + γ(1 + 0.34u2)
(5)

where Rn is net radiation (MJ m−2 d−1), G is soil heat flux (MJ m−2 d−1), T is average
temperature (◦C), u2 is wind speed at 2 m height (m s−1), es − ea is the saturated water
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vapor pressure difference (kPa), ∆ is the slope of saturated water vapor pressure curve, and
γ is the psychrometric constant.

2.3.3. Evaporation Leakage Water Requirement of Lake

The lake evaporation–seepage water requirement includes surface evaporation loss
and groundwater seepage loss. Surface evaporation loss was estimated as follows:

Wz = E × At × β × 10−3 (6)

where Wz is the net evaporation loss of the water body during the calculation period (m3),
E is the evaporation depth during the calculation period (m), At is the mean water surface
area during the calculation period (m2), and β is the evaporation conversion coefficient.

Groundwater seepage was estimated using Darcy’s law, as expressed in Equation (2).
The total ecological water requirement of the wetland was then obtained by summing
habitat water demand, vegetation transpiration demand, and evaporation–seepage de-
mand [26].

2.3.4. Water-Quality Dilution Requirement

This study further introduced the minimum dilution water volume required to main-
tain Class IV water quality. The water-quality target was determined according to the
Environmental Quality Standards for Surface Water (GB3838–2002), with dissolved oxygen
(DO), chemical oxygen demand (COD), ammonia nitrogen (NH3-N), total nitrogen (TN),
and total phosphorus (TP) considered comprehensively. Among these indicators, DO
reflects oxygen availability and basic habitat conditions; COD and NH3-N indicate organic
pollution and recent pollution inputs; and TN and TP represent nutrient loading and the
risk of eutrophication.

The water-quality dilution demand was estimated using a complete-mixing dilu-
tion model:

Wdil,j = V0
C0,j − CIV,j

CIV,j − Cin,j
(7)

where Wdil,j is the dilution water volume required for the j-th pollutant indicator to meet
the Class IV water-quality target; Wdil is the total water-quality dilution requirement; V0 is
the current water volume; C0,j is the current concentration of the j-th indicator in the water
body; CIV,j is the Class IV standard limit for the j-th indicator; and Cin,j is the concentration
of the j-th indicator in the replenishment water source. When C0,j < CIV,j, the indicator
does not impose a dilution constraint, and Wdil,j is set to 0.

Because the same replenishment volume can simultaneously dilute multiple pollutants,
the total water-quality dilution requirement was defined as the maximum dilution water
volume required among the pollutant indicators, rather than the sum of the individual
dilution volumes. Thus:

Wdil = max(Wdil,j) (8)

2.4. Scenario Design and Evaluation Framework for Ecological Water Replenishment

To evaluate the effects of different replenishment regimes and water-conveyance path-
ways on hydrodynamic disturbance, water-quality response, and habitat stability in the wet-
land, six ecological water-replenishment scenarios were developed under the same ecological
water-demand constraint. The six scenarios were generated by combining three replenishment
regimes with two water-conveyance pathways. Temporally, the regimes included concen-
trated short-duration replenishment, adaptive replenishment, and uniform replenishment.
Spatially, the pathways included replenishment through the main Daqing River channel and
replenishment through the Bolihujing River–reclaimed water auxiliary pathway.
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Considering both cost-type and benefit-type indicators, this study calculated the
suspended-solids disturbance index, vegetation coverage, dissolved oxygen concentration,
and total replenishment volume [27]. The AHP–entropy weight–TOPSIS method was then
used to comprehensively evaluate the six ecological water-replenishment scenarios.

The suspended-solids disturbance index can be expressed as follows:

DSS =
σSS

SS
(9)

where DSS denotes the suspended-solids disturbance index, and σSS and SS represent the
standard deviation and mean concentration of suspended solids during the replenishment
process, respectively.

The AHP–entropy weight–TOPSIS method was used to comprehensively evaluate the
six ecological water-replenishment scenarios. First, the analytic hierarchy process (AHP)
was applied to determine subjective weights. Pairwise comparisons among indicators
were based on their relative importance for wetland restoration objectives, including
disturbance control, habitat maintenance, water-quality improvement, and replenishment-
scale constraint.

The entropy weight method (EWM) was then introduced to calculate objective weights,
reflecting the dispersion degree and information contribution of each indicator across the six
scenarios. The AHP weights represent expert judgment on wetland restoration objectives,
whereas the entropy weights reflect the differentiation capacity of the data matrix. The two
weights were combined through multiplicative normalization:

Wj =
w′

j · gj

∑n
j=1(w

′
j · gj)

(10)

where w′
j denotes the AHP-derived subjective weight, and gj denotes the entropy-based

difference coefficient.
After the combined weights were obtained, the TOPSIS method was then applied

to calculate each scheme’s distance from the positive and negative ideal solutions, and
the schemes were ranked by their relative closeness coefficients to identify the optimal
water-replenishment scheme [28].

2.5. Data Source

A multi-source dataset integrating meteorological, hydrological, remote-sensing, and
field-monitoring data was compiled for this study (Table 1). Meteorological and hydro-
logical data were mainly obtained from the China Meteorological Data Service Centre
and long-term hydrological yearbooks. Daily meteorological variables, basin runoff, and
inflow recharge data from 2014 to 2024 were extracted to support water-balance analysis
and ecological water-demand estimation. Landsat 8 and Sentinel-2 images were used
to delineate the lake water surface area and the spatial distribution of major vegetation
communities, including Phragmites australis, providing the spatial basis for estimating
habitat water demand and vegetation transpiration demand. To improve the reliability
of water-environment parameters, representative sampling sites were established in 2024,
where water samples were collected and indicators such as suspended solids (SS), dissolved
oxygen (DO), chemical oxygen demand (COD), ammonia nitrogen (NH3-N), total nitrogen
(TN), and total phosphorus (TP) were measured. These data were used to characterize
water-quality responses and sediment resuspension risk under different replenishment
scenarios. Together, the datasets supported the construction of the water-balance model,
the identification of ecological water-demand thresholds, and the AHP–entropy weight–
TOPSIS comprehensive evaluation framework.
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Table 1. Data sources, variables, and spatiotemporal resolution used in this study.

Data Type Variables Unit Source Time Range Temporal Resolution Spatial Resolution

Meteorological data

Precipitation, air
temperature, relative
humidity, wind speed,
sunshine duration

mm, ◦C, %, m/s, h China Meteorological Data
Service Centre 2014–2024 Daily Station-based

Hydrological data River runoff and lake inflow m3/s; converted to m3 Hydrological Yearbook of
the P.R. China 2014–2024 Monthly/Annual Basin scale

Remote-sensing data

Lake water-surface area,
exposed lakebed area, reed
distribution, vegetation
coverage

km2, % Landsat 8 and Sentinel-2
imagery 2014–2024 Seasonal/Annual 10–30 m

Field water-quality data SS, DO, COD, NH3-N, TN,
TP mg/L Field monitoring and

laboratory analysis 2024 Sampling period/Seasonal Sampling sites

Seepage parameters K, i, A m/d, %, km2
Soil texture, regional
hydrogeological data, and
lake geometry estimation

Parameter estimation Static parameter Lake area

Scenario design parameters

Water source,
replenishment timing,
routing, replenishment
volume

m3 or 108 m3
Ecological
water-replenishment
scenario design

Scenario period Scenario scale Scenario scale
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2.6. Multi-Source Data Integration and Model-Coupling Workflow

To improve the comparability of multi-source data and clarify the linkage among
ecological water-demand estimation, replenishment-scale determination, and scenario
evaluation, a workflow integrating model coupling and temporal-scale harmonization
was established (Figure 2). First, meteorological, hydrological, remote-sensing, and field-
monitoring data were standardized to consistent temporal scales. Daily meteorological data
were aggregated to monthly and annual scales, hydrological runoff data were converted
into annual natural recharge, and remote-sensing images were used to obtain lake-surface
area and reed-distribution information. Field-monitoring data were used to characterize
suspended solids, dissolved oxygen, and other water-quality indicators.

Second, the standardized datasets were coupled with the ecological water-demand
accounting model, water-quality dilution model, and scenario-evaluation model. The water-
balance model provided the natural recharge and water-deficit baseline; the ecological-
function method estimated habitat, vegetation, and evaporation–seepage demands; and
the water-quality dilution model provided the Class IV water-quality safety threshold.
These outputs jointly constrained the target replenishment scale and were then used as
input conditions for the scenario design. Finally, the AHP–entropy weight–TOPSIS model
evaluated the six replenishment schemes by combining hydrodynamic disturbance, habitat
response, water-quality response, and replenishment-volume constraints.

Figure 2. Workflow of multi-source data integration, temporal-scale harmonization, model coupling,
and ecological water-replenishment scenario evaluation.

3. Results
3.1. Interannual Dynamics of Water Balance in Chahannaoer Wetland

From 2014 to 2024, the hydrological budget of Chahannaoer Wetland showed marked
interannual variability, while the net water balance remained consistently negative (Figure 3).
Mean annual natural recharge was 0.225 × 108 m3, substantially lower than the mean annual
water demand required to sustain basic ecological functions, which reached 1.033 × 108 m3.
The evapotranspiration-to-recharge ratio (ET/R) ranged from 3.42 to 4.56, indicating that
evaporative losses greatly exceeded recharge inputs. In the representative dry year of 2023,
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the deficit intensified further and was accompanied by a pronounced contraction of the
lake surface area. Sustained water deficits have promoted progressive lakebed exposure
and increased the risk of soil salinization. When natural recharge fell below the minimum
dilution threshold required to maintain Class IV water quality, estimated at 0.86 × 108 m3,
the water-environment carrying capacity declined substantially. These results indicate that
Chahannaoer Wetland is subject to a chronic evaporation-dominated water deficit, and that
natural hydrological inputs alone are insufficient to maintain ecosystem stability.

Figure 3. Annual natural water volume and ecological replenishment requirement in Chahannaoer
Wetland during 2014–2024. Stacked bars represent annual natural water volume and the corre-
sponding calculated ecological replenishment. Horizontal dashed lines denote the design water
level, minimum ecological water demand, optimal ecological water demand, and water-quality
dilution threshold.

3.2. Ecological Water Demand Accounting Results

The ecological-function method partitioned the ecological water demand of Chahan-
naoer Wetland into three components: habitat maintenance, vegetation transpiration, and
open-water evaporation–seepage loss (Figure 4). The minimum water demand required to
sustain basic wetland functions was estimated at 1.27 × 108 m3, while the optimal demand
for maintaining ecosystem stability was 1.56 × 108 m3. Component-level results (Table 2)
show that open-water evaporation and seepage were the dominant water-loss terms, with
a combined demand of 0.899 × 108 m3. Vegetation transpiration demand was estimated
at 0.269 × 108 m3 under the minimum-demand scenario and 0.404 × 108 m3 under the
optimal-demand scenario, reflecting the hydrological contribution of the Phragmites aus-
tralis community. After incorporating water-quality constraints, the minimum dilution
threshold required to maintain Class IV water quality was 0.86 × 108 m3. Compared
with the mean annual natural recharge of 0.225 × 108 m3, the ecological replenishment
deficit was approximately 1.03 × 108 m3. These results indicate that artificial replenishment
should be evaluated against both ecological water-demand thresholds and additional losses
associated with in-lake evaporation, seepage, and water conveyance.
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Figure 4. Components of ecological water demand in Chahannaoer Wetland under different ecological
water-demand scenarios. (a) Minimum ecological water demand; (b) optimal ecological water
demand. Bars represent the water demand of habitat water requirement, vegetation transpiration, and
evaporation and leakage, and labels indicate the corresponding volume and percentage contribution.

Table 2. Components of ecological water demand in Chahannaoer Wetland.

Component
Minimum
Demand
(108 m3)

Share of
Minimum
Demand (%)

Optimal
Demand
(108 m3)

Share of
Optimal
Demand (%)

Habitat maintenance demand 0.102 8.03 0.254 16.31
Vegetation transpiration demand 0.269 21.18 0.404 25.95
Open-water evaporation–seepage loss 0.899 70.79 0.899 57.74
Total ecological water demand 1.27 100 1.557 100

3.3. Scenario Design for Near-Natural Ecological Water Replenishment

This study incorporated the concept of near-natural regulation into scenario design.
By adjusting the timing of replenishment and the water-conveyance pathways, artificial
replenishment was designed to approximate natural recharge in terms of hydrodynamic
characteristics. Based on the water-balance analysis, ecological water-demand estimation,
and water-quality dilution threshold, the target annual replenishment scale was set at
approximately 1.8 × 108 m3, considering the minimum dilution threshold of 0.86 × 108 m3,
the suitable ecological water demand of 1.56 × 108 m3, and evaporation and conveyance
losses. This scale does not represent the static water volume required to raise the lake
level to a target elevation at one time. Rather, it represents an integrated annual water-
volume constraint for habitat maintenance, water-quality dilution, evaporation–seepage
compensation, and low-disturbance water delivery. The optimal water level was treated
as an important boundary condition for controlling ecological restoration targets and
replenishment intensity.

In terms of spatial configuration, the replenishment sources included the Daqing River,
the Bolihujing River, and reclaimed water, forming a coordinated multi-source replenish-
ment system. The main Daqing River channel represented the primary riverine inflow
pathway, whereas the Bolihujing River–reclaimed water auxiliary pathway represented
a dispersed multi-source conveyance route. These two pathways differed in inflow loca-
tion, local velocity distribution, and affected area, allowing comparison of their effects on
hydrodynamic disturbance and habitat stability.

Temporally, replenishment was mainly arranged in March, September, and November.
March replenishment was designed for spring water-level recovery and shallow-water
habitat preparation before the breeding period. September replenishment compensated for
the water deficit after strong evaporation in late summer and early autumn. November
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replenishment maintained wetland water conditions before freeze-up. Under the uniform
replenishment mode, additional replenishment nodes were arranged in May and July to
alleviate continuous evaporation and vegetation water consumption during the growing
season and to reduce the effects of rapid water-level fluctuations on shallow-water habitats
(Figure 5).

Figure 5. Seasonal scheduling of ecological water replenishment and agricultural water use. The
timeline shows the monthly alignment of critical ecological periods (CP), agricultural water use
(AWU), and operable water-replenishment windows (WRW). Labeled windows indicate the main
replenishment periods, including spring control, uniform supply, post-flood reserve, and pre-freeze-
up guarantee periods.

Using replenishment timing and water-conveyance pathway as control variables, three
replenishment modes—concentrated, adaptive, and uniform—were constructed and com-
bined with two conveyance pathways to generate six scenarios (S1–S6) (Table 3). S1 and
S2 represented concentrated short-duration replenishment, characterized by temporally
concentrated water delivery, high instantaneous discharge, and relatively high potential
inflow momentum and suspended-solids disturbance risk. S3 and S4 represented adaptive
replenishment, in which water delivery was dynamically adjusted according to hydrologi-
cal conditions and water-quality responses, with a moderate disturbance risk. S5 and S6
represented uniform replenishment, in which the replenishment volume was distributed
across multiple key ecological periods, helping to maintain smoother water-level changes
and reduce hydrodynamic disturbance risk.

Table 3. Design of ecological water-replenishment scenarios.

Scenario Replenishment
Mode Primary Water Source Scenario Description Expected

Disturbance

S1 Concentrated Daqing River

Large-volume replenishment delivered
2–3 times during March, June, and
September through the main river
channel.

High

S2 Concentrated Bolihujing River and reclaimed water
Concentrated replenishment delivered
through auxiliary channels during the
same periods as S1.

High

S3 Adaptive Daqing River
Water volume adjusted dynamically
according to real-time water-quality
monitoring and hydrological conditions.

Moderate
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Table 3. Cont.

Scenario Replenishment
Mode Primary Water Source Scenario Description Expected

Disturbance

S4 Adaptive Bolihujing River and reclaimed water

Adaptive replenishment delivered
through auxiliary channels, with
reclaimed water used to stabilize
baseline supply.

Moderate

S5 Uniform Daqing River
Water volume distributed evenly across
March, May, July, September, and
November to support steady inflow.

Low

S6 Uniform Bolihujing River and reclaimed water
Uniform replenishment delivered
through auxiliary channels to maintain
the most stable water-delivery pattern.

Low

3.4. Comprehensive Evaluation and Optimal Decision-Making of Ecological
Water-Replenishment Schemes

The six ecological water-replenishment scenarios were evaluated using the AHP–
entropy weight–TOPSIS method. The original decision matrix included four indicators:
suspended solids disturbance index, vegetation coverage, dissolved oxygen concentration,
and total replenishment volume (Table 4). The suspended solids disturbance index and
total replenishment volume were defined as cost-type indicators, while vegetation coverage
and dissolved oxygen concentration were defined as benefit-type indicators (Table 5).

Table 4. Original decision matrix for the ecological water-replenishment scenarios.

Scenario Suspended Solids
Disturbance Index

Vegetation Coverage
(%)

Dissolved Oxygen
Concentration (mg/L)

Total Replenishment
Volume (108 m3)

S1 0.535 85.47 9.316 0.769
S2 0.5413 86.95 9.102 0.769
S3 0.4686 86.58 9.39 0.769
S4 0.4611 86.2 9.211 0.769
S5 0.347 86.39 8.42 0.769
S6 0.354 86.02 8.541 0.769

Table 5. Presents the subjective, objective, and combined weights of the evaluation indicators.

Evaluation Indicator Indicator Type AHP
Weight

Information
Entropy (ej)

Information
Redundancy (dj)

Entropy
Weight

Combined
Weight

Suspended solids disturbance index Cost-type 0.3873 0.7477 0.2523 0.4518 0.5904
Vegetation coverage Benefit-type 0.2215 0.8672 0.1328 0.2378 0.1777
Dissolved oxygen concentration Benefit-type 0.2215 0.8266 0.1734 0.3104 0.2319
Total replenishment volume Cost-type 0.1698 1.0000 0.0000 0.0000 0.0000
Total — 1 — — 1 1

The TOPSIS results show that S6 ranked first under both ecological water-demand
scenarios (Table 6 and Figure 6). In the optimal-demand scenario, S6 had Di+ = 0.0162,
Di− = 0.1648, and Ci = 0.9105. In the minimum-demand scenario, S6 also ranked first, with
Di+ = 0.0245, Di− = 0.1436, and Ci = 0.8542. S5 ranked second in both scenarios, followed
by the remaining schemes, while S1 and S2 had the lowest comprehensive performance.
This suggests that concentrated replenishment can satisfy the prescribed replenishment
volume, but produces a weaker overall ecohydrological response.
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Figure 6. TOPSIS-based evaluation of ecological water-replenishment scenarios under minimum and
optimal ecological water-demand conditions. Panels (a,b) show the relative closeness coefficients of
scenarios S1–S6, and panels (c,d) show the distances to the positive ideal solution (Di+) and negative
ideal solution (Di−) under the two water-demand conditions.

Table 6. TOPSIS evaluation results of ecological water-replenishment scenarios under different ecologi-
cal water-demand scenarios.

Scenario Replenishment Scenario
Optimal Ecological Water Demand Minimum Ecological Water Demand

D+
i D−

i Ci Rank D+
i D−

i Ci Rank

S6 Decentralized uniform replenishment 0.0162 0.1648 0.9105 1 0.0245 0.1436 0.8542 1

S5 Decentralized non-uniform
replenishment 0.0165 0.1652 0.9093 2 0.0283 0.1398 0.8317 2

S4 Centralized uniform replenishment,
January–March 0.1082 0.0775 0.4173 3 0.1005 0.0676 0.4021 3

S3 Centralized uniform replenishment,
April–June 0.1147 0.0709 0.3823 4 0.1078 0.0604 0.3589 4

S1 Centralized rapid replenishment,
period I 0.1704 0.0172 0.0916 5 0.1491 0.0191 0.1134 5

S2 Centralized rapid replenishment,
period II 0.1760 0.0125 0.0664 6 0.1532 0.0150 0.0892 6

S6 performed best because it combined a decentralized delivery pathway with a uni-
form replenishment rhythm. This arrangement reduced concentrated inflow momentum,
weakened hydrodynamic disturbance, and maintained water depth within the suitable
habitat range of 30–50 cm. It was therefore selected as the preferred ecological water-
replenishment strategy for Chahannaoer Wetland.
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4. Discussion
4.1. Water-Balance Mechanism and Drivers of Water Deficit in Chahannaoer Wetland

The mean annual ecological replenishment deficit in Chahannaoer Wetland was ap-
proximately 1.03 × 108 m3, whereas the designed replenishment scale was approximately
1.8 × 108 m3. This difference indicates that ecological replenishment must not only offset the
water-balance deficit, but also meet the requirements of water-quality dilution, water-level
recovery, evaporation, seepage, and conveyance losses [29]. The mean evapotranspiration-
to-recharge ratio (ET/R) was 3.99, ranging from 3.42 to 4.56 among years. This indicates
that the study area has been characterized by a persistent hydrological imbalance, with
evaporative losses substantially exceeding natural recharge inputs.

Chahannaoer Wetland is mainly recharged by precipitation, with limited and unstable
external inflows. Groundwater contribution is weak, losses during water transfer and
infiltration are substantial, and the natural regulation capacity of the system remains
low [30]. This hydrological setting is typical of semi-arid inland lakes, where small changes
in precipitation or evaporation can cause large shifts in lake water balance. The high
ET/R ratio indicates strong sensitivity to climatic variability. Persistent water deficits
and lake-area contraction may intensify salinization, alter surface energy exchange, and
further increase ecological water demand during extreme dry years. These processes
suggest that natural recharge alone is insufficient to maintain wetland ecological functions.
Although increasing replenishment volume can alleviate short-term water shortage, it is
unlikely to restore system stability unless the timing, pathway, and hydrodynamic effects
of replenishment are also regulated. Water-replenishment design should therefore shift
toward near-natural regulation that approximates natural hydrological variability while
avoiding excessive hydrodynamic disturbance [31].

Compared with other lake and wetland restoration studies in semi-arid regions, Cha-
hannaoer Wetland shows similar mechanisms of water deficit. Studies on the Aral Sea
in Central Asia and restored wetlands in western Jilin, China, indicate that ecological
water demand in arid and semi-arid wetlands is jointly controlled by runoff recharge,
precipitation, evapotranspiration, and wetland area, and that a single static water-demand
threshold is insufficient to represent hydrological requirements under different meteo-
rological conditions and restoration targets [11,32]. The results of this study also show
that Chahannaoer Wetland has long remained in an evaporation-dominated negative
water-balance state, and that its ecological replenishment demand is likewise affected by
insufficient natural recharge, evapotranspiration losses, and changes in wetland area. On
this basis, water-quality dilution, hydrodynamic disturbance, and key habitat water levels
were used as evaluation indicators to compare differences in water-quality maintenance,
sediment resuspension risk, and habitat stability under different replenishment timings
and water-conveyance pathways [33].

4.2. Effects of Replenishment Configuration on Sediment Resuspension and
Hydrodynamic Response

Different replenishment modes alter the temporal allocation and spatial pathways
of inflow, thereby affecting suspended-solids responses and potential hydrodynamic dis-
turbance intensity during the replenishment process. Under decentralized uniform re-
plenishment, the suspended solids disturbance index remained at approximately 0.32,
indicating a low-disturbance state. Concentrated replenishment, by contrast, produced
episodic disturbance peaks and weakened bed stability. This difference was driven mainly
by the temporal concentration and spatial superposition of inflow momentum rather than
by replenishment volume alone.
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Sediment resuspension is primarily controlled by bed shear stress [34]. As velocity gra-
dients and near-bed turbulent kinetic energy increase, bed sediment particles are therefore
more likely to be entrained and resuspended, leading to an increase in suspended-solids
concentration. Concentrated replenishment delivers high-flow pulses over short periods,
leading to rapid momentum release, uneven local velocities, and enhanced turbulence [35].
These conditions may cause short-term exceedance of the critical bed shear stress, triggering
sediment resuspension and increasing suspended solids concentrations. Decentralized
replenishment reduces the intensity of individual inflows and prolongs water delivery.
Momentum input is therefore distributed more gradually, abrupt changes in flow velocity
are reduced, and turbulence development is moderated. Under these conditions, bed shear
stress is more likely to remain near or below the critical threshold, limiting sediment distur-
bance to weak or intermittent entrainment [36]. With the total replenishment volume held
constant, the timing of water delivery and inflow pathway become key factors controlling
the hydrodynamic response.

In many large shallow lakes, sediment disturbance is mainly driven by wind-induced
waves and currents [37]. For closed terminal lake wetlands, external inflows during artificial
replenishment can further modify the local flow-field structure and bed shear conditions.
Suspended-solids indicators can integrate replenishment-induced disturbance, turbidity
responses, and potential resuspension risk, and therefore serve as important indicators
for comparing replenishment schemes under hydrodynamic constraints. By reducing
the concentration of momentum input, decentralized replenishment makes the system
response more similar to the gradual inflow of natural runoff into the lake, reflecting the
characteristics of near-natural hydrodynamic regulation.

4.3. Effects of Replenishment Rhythm on Relict Gull Breeding Habitat

Relict Gull breeding habitat is highly sensitive to water-level dynamics. Changes
in water level affect habitat security by altering the hydrological isolation of breeding
islands. Rapid rises may inundate nests [38], whereas sustained declines can reconnect
islands with the surrounding land and increase predation risk. Habitat stability during the
breeding period is therefore controlled by the magnitude, rate, and duration of water-level
fluctuations [39].

During breeding, water levels must remain within a suitable range while avoiding
both rapid rises and prolonged recession. Large fluctuations increase the risk of nest
inundation or island exposure, and rapid changes reduce the time available for habitat
adjustment. Continuous recession weakens island isolation and may increase access for
terrestrial predators. The 30–50 cm water-depth range identified in this study helps main-
tain hydrological isolation around breeding islands while reducing the likelihood of nest
inundation, thereby supporting habitat stability.

Replenishment rhythm influences habitat suitability by shaping the trajectory of
water-level change. Concentrated replenishment produces step-like rises followed by
rapid recession, resulting in larger fluctuation amplitudes and higher rates of change.
Decentralized uniform replenishment extends inflow duration, reduces abrupt water-
level shifts, and creates a slower, more continuous response. This pattern helps maintain
suitable water depths during the breeding period and reduces the frequency of alternating
inundation and exposure. Its slow-varying characteristics more closely resemble the
water-level response generated by natural precipitation–runoff processes, allowing habitat
conditions to remain more stable. These results indicate that replenishment rhythm affects
Relict Gull breeding habitat primarily by regulating water-level variability.
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4.4. Water-Replenishment Scale and Lake Water-Renewal Processes

The replenishment scale identified in this study reflects not only ecological water
demand, but also the water volume required to sustain lake-water renewal. Under an
evapotranspiration-to-recharge ratio of 3.42–4.56, replenishment intensity may influence
water residence and exchange conditions. When replenishment is insufficient, a large
proportion of the added water may be consumed by evaporative losses, leaving little
capacity for continuous replacement. The lake then remains in a long-residence-time, weak-
exchange state, which favors the accumulation of dissolved substances and pollutants [40].
With increased replenishment, the potential effective exchange volume may expand, res-
idence time may decrease, and renewal frequency may increase. These changes weaken
concentration gradients of dissolved substances and support water-quality maintenance.

In closed lakes with limited or no outflow, water renewal depends mainly on internal
hydrodynamic forcing and partial water replacement [41]. The timing of inflow determines
the structure of momentum input, thereby affecting mixing intensity and transport path-
ways. Concentrated replenishment delivers high-throughput inflow over short periods,
but part of the added water may remain trapped in local circulation and fail to contribute
to effective exchange. Decentralized replenishment extends inflow duration, maintains
a more stable hydrodynamic field, and allows added water to participate more fully in
lake-wide circulation, thereby improving exchange efficiency. Similar observations from
Hongjiannao Lake suggest that static or weakly exchanged replenishment conditions can
prolong residence time and promote the accumulation of soluble substances [42].

Replenishment scale and temporal configuration jointly regulate residence time, ef-
fective exchange ratio, and mixing processes, which together determine water-renewal
efficiency. Replenishment scale provides the water-volume basis for renewal, whereas
replenishment rhythm controls momentum input and exchange pathways. Their combined
effect can shift the lake from an evaporation-dominated retention state toward a more active
circulation state, consistent with the principle of near-natural water replenishment [43].

Uncertainties in water-quality targets and replenishment scale may further affect
the intensity of lake-water renewal. Stricter water-quality constraints generally require
larger dilution and exchange volumes. However, if this volume is supplied through short-
duration concentrated inflow, it may intensify local scouring and sediment resuspension;
by contrast, if it is delivered in a decentralized and uniform manner, it is more likely to
improve the effective exchange ratio while keeping disturbance intensity under control.

5. Conclusions
This study developed a multi-criteria assessment approach for ecological water replenish-

ment in Chahannaoer Wetland by integrating water-balance analysis, ecological water-demand
estimation, hydrodynamic constraints, and TOPSIS-based scenario evaluation.

The results show that Chahannaoer Wetland has remained under an evaporation-
dominated hydrological regime. From 2014 to 2024, the mean annual ecological replenish-
ment deficit reached 1.03 × 108 m3, and the evapotranspiration-to-recharge ratio ranged
from 3.42 to 4.56. These findings indicate that limited and unstable natural recharge cannot
sustain wetland ecological functions, and that simply increasing replenishment volume is
unlikely to achieve effective restoration.

The minimum water volume required to maintain Class IV water quality was esti-
mated at 0.86 × 108 m3, while the suitable ecological water demand ranged from 1.27 × 108

to 1.56 × 108 m3. These values define the main hydrological thresholds for ecological water
regulation. When suspended-solids disturbance was used as a hydrodynamic-response
indicator, replenishment configuration had a clear influence on system response. Among
the six scenarios, decentralized uniform replenishment performed best, with the highest
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relative closeness coefficient of 0.9105, a low disturbance index of approximately 0.32, and
water depths maintained within the suitable habitat range of 30–50 cm.

These findings suggest that ecological restoration of semi-arid terminal lakes should
not rely solely on volume-based water compensation. Greater attention should be paid to
the timing, pathways, and hydrodynamic effects of replenishment. Decentralized uniform
replenishment provides a near-natural strategy by distributing inflow more evenly in
space and time, reducing hydrodynamic disturbance, and maintaining stable habitat water
levels. The assessment approach proposed in this study provides a quantitative basis for
optimizing ecological water replenishment and adaptive water-resource management in
degraded wetlands of arid and semi-arid regions.
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