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Abstract

Winter water allocation in regulated plain river networks requires an operational link
between hydrological low water benchmarks and replenishment decisions. This study
focused on the Lixiahe plain river networks; utilizing winter water level records from nine
stations during 2006-2021, five hydrological methods were applied to derive candidate
water level benchmarks. A one-dimensional MIKE 11 model was applied to simulate total
upstream replenishment scenarios of 40-400 m3/s and to establish station-specific stage—
discharge relationships under fixed downstream boundaries and structure operation rules.
Within the simulated range, the candidate benchmarks corresponded to scenario-specific
replenishment requirements of 153.94-268.49 m3/s. The framework supports comparison
of winter water allocation strategies and identification of controlling stations, but ecological
sufficiency requires independent evidence from species, habitat, thermal, dissolved oxygen,
and water quality responses.

Keywords: plain river network; hydrological water level benchmark; hydrodynamic
simulation; replenishment threshold; sustainable water management

1. Introduction

Plain river networks are characterized by low channel gradients, dense river—lake
connections, and complex hydraulic controls [1]. In such systems, water levels and flow
directions are jointly affected by sluices, pumping stations, polder drainage, external
water diversion, and downstream boundary conditions [2,3]. During winter, reduced
precipitation and natural inflow weaken hydraulic exchange within the river network,
which may lead to insufficient water depth, low flow velocity, reduced connectivity, and
degradation of aquatic habitats. Unlike single-channel rivers, plain river networks do
not exhibit a simple one-to-one relationship between upstream replenishment discharge,
water-level rise, and hydrodynamic response. Winter management therefore involves
two distinct questions: which water level benchmarks are defensible from the available
evidence [4,5], and what upstream replenishment is required to attain those benchmarks
under specified operating conditions [6]?
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A variety of methods have been developed for estimating ecological water levels and
environmental flows. Among them, hydrological statistical methods are widely used [7,8]
because they require relatively limited data, are easy to implement, and produce results
that can be readily interpreted for water management. Frequency-based water levels,
duration curves, and low water frequency methods [9] can extract characteristic low water
conditions from long-term hydrological records and provide a historical reference for
minimum water levels targets. However, these methods mainly describe the occurrence
probability of historical water levels. They cannot directly reveal the hydraulic response of
a complex river network under different replenishment scenarios, nor can they quantify
the engineering discharge required to achieve a specific water level target. In heavily
regulated plain river networks, water level targets derived solely from historical statistics
may therefore be disconnected from actual operational capacity, replenishment pathways,
and spatial water level responses [10,11].

Hydrodynamic modeling provides an effective way to bridge ecological water level
targets and engineering operation [12,13]. By simulating water level changes at key stations
under different upstream replenishment scenarios, a hydrodynamic model can reveal
the spatial heterogeneity of replenishment effects and establish quantitative relationships
between upstream inflow and station water levels [14,15]. Coupling hydrological-statistical
water level candidates with fitted stage—discharge response curves makes it possible to
invert the upstream total replenishment discharge required to satisfy different water level
targets. In this way, the water management question of “what water level should be
maintained” can be transformed into the operational question of “how much water should
be supplied”.

The Lixiahe region in central-northern Jiangsu Province is a typical plain river network
in eastern China [16,17]. The region contains dense rivers, channels, lakes, and polders, and
its water level regime is strongly influenced by water replenishment from the Jiangdu and
Gaogang hubs as well as by regional sluice and pumping operations. Winter is both a dry
season and a sensitive period for ecological water level maintenance, making it a critical
period for identifying minimum ecological water level requirements and replenishment
thresholds [18]. Studying the Lixiahe region can improve understanding of how external
replenishment is transmitted through a regulated plain river network [19,20] and can
provide practical reference for winter water replenishment in similar regions [21].

Previous studies of plain river networks have examined river—lake—sluice hydrody-
namics, connectivity, water quality responses to diversion, and joint sluice-pump operation.
However, fewer studies have compared several winter low water benchmarks across multi-
ple control stations and translated each benchmark into a regional upstream replenishment
requirement under a consistent set of operating conditions. The present study addresses
this operational linkage, while recognizing that the resulting benchmarks still require
ecological validation.

In this study, the Lixiahe plain river network was selected as the study area. Winter
water level records from nine control stations during 20062021 were used to estimate hy-
drologically based water level target through multiple hydrological methods, including the
guarantee rate method, monthly guarantee rate method, intra-annual distribution method,
annual minimum monthly mean method, and 7-day low water frequency method. A one-
dimensional MIKE 11 hydrodynamic model was then constructed to simulate water level
responses under different upstream total replenishment discharge scenarios. Based on the
fitted relationships between water level and input discharge, the upstream replenishment
thresholds required to meet hydrologically based water level targets were identified.
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2. Materials and Methods
2.1. Study Area

The Lixiahe region is located in central-northern Jiangsu Province and in the lower
Huaihe River Basin (Figure 1). It is a typical plain river network area situated between the
lower Yangtze River plain and the Huaihe River sea outlet corridor. The study area lies
approximately between 119°12'-120°56" E and 32°12'-34°10’ N, extending from the Grand
Canal in the west to the Tongyu River in the east, and from the North Jiangsu Irrigation
Canal in the north to the New Tongyang Canal in the south. It covers parts of Yancheng,
Taizhou, Yangzhou, Huai’an, and Nantong, with a total area of approximately 13,500 km?.
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Figure 1. Overview of the study area. (a) Location of Jiangsu Province in China; (b) location of the
Lixiahe Plain in Jiangsu Province; (c) water level stations, hydrodynamic boundary and river network
in the Lixiahe region.

The study area is geomorphologically characterized by low-lying flat terrain, with the
central part showing a distinct basin-like pattern of higher margins and a lower interior.
Rivers, ditches, lakes, and shallow lake depressions are interlaced across the region, forming
a dense water system with complex flow directions. Natural topographic gradients are
small, and river network water levels are jointly affected by precipitation, inflow from
external rivers, polder drainage, and water diversion projects. Water exchange is frequent,
and the hydrological processes exhibit pronounced artificial regulation. Regional drainage
is generally organized from southwest to northeast, while the main water sources are the
Jiangdu and Gaogang water control hubs. In the central area, water is mainly discharged
into the Yellow Sea through backbone sea outlet channels such as the Sheyang River,
Huangsha Port, Xinyang Port, and Doulong Port; during flood seasons, part of the water
may also be diverted toward the Yangtze River through engineering facilities such as the
Jiangdu Pumping Station. This complex hydraulic system gives the study area the dual
characteristics of a natural plain river network and an engineering-controlled river network.
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From the perspective of human activities, the Lixiahe region has long supported
multiple functions, including agricultural production, urban development, Yangtze River
water diversion, water conveyance for the eastern route of the South-to-North Water
Diversion Project, and the protection of lake and wetland ecosystems. Since the 1950s,
regional water conservancy development has progressed through river dredging, polder
management, construction of water diversion and drainage channels, lake restoration,
and coordinated water network operation. These efforts have substantially improved
flood control, drainage, and water supply capacities and have gradually formed a regional
water-network pattern supported by backbone channels and lake nodes. However, rapid
urbanization has placed considerable pressure on the regional aquatic ecological condition,
and intensified artificial drainage has further aggravated hydraulic imbalance.

2.2. Data Sources and Processing

For the hydrodynamic model, the river channel model requires information on river
network topology, cross-sectional geometry, and physical parameters such as bed roughness
and bank roughness. The hydrodynamic boundary conditions include inflow discharge
into the study area and downstream water levels.

River channel topology was derived from the 1:250,000 National Fundamental Geo-
graphic Database, which provides vector map data. The hydrological features include areal
water bodies, linear water system features, and point water system features, corresponding
respectively to lakes and reservoirs; single-line rivers, ditches, and river structural lines;
and springs and wells. The data were obtained from the National Geomatics Information
Resource Directory Service System.

Some river cross-section data were obtained from Hydrological Yearbook of the Huaihe
River Basin. For data-sparse channels, cross-section water depth surveys were implemented
in the field with a portable ultrasonic depth sounder (Model WX-CS50; Shandong Wanxiang
Environmental Technology Co., Ltd., Weifang, China). River-bed elevation, channel width,
and bank slope ratio were generalized appropriately in combination with local river regula-
tion conditions. Roughness values were initially generalized based on observations of bank
materials and bed conditions and were subsequently optimized during hydrodynamic
model calibration.

Hydrological data were also obtained from the Hydrological Yearbook of the Huaihe
River Basin for 2006-2021. Daily water level and discharge records for the available stations
were digitized from the yearbooks. The water level records were used for station-specific
hydrological frequency analyses, whereas the Jiangdu and Gaogang discharge records
were used to characterize winter external replenishment and to define the hydrodynamic
boundary and simulation conditions.

Data preprocessing included unifying the elevation datum, checking missing and
anomalous values, removing abrupt changes clearly caused by non-hydrological factors,
and ensuring temporal comparability among water level series from different stations.
Short missing segments at individual gauges were interpolated using daily hydrograph
patterns at neighboring stations, whereas series with prolonged missing periods were
excluded from frequency fitting. Zero values in the Jiangdu and Gaogang discharge records
were retained when they represented genuine days without external replenishment. These
values were not treated as missing observations, removed from the dataset, or replaced
with arbitrary small positive values.

2.3. Construction and Parameter Calibration of the River Network Hydrodynamic Model

In this study, the MIKE 11 (version 2014; DHI, Hersholm, Denmark) HD module was
used to construct a one-dimensional hydrodynamic model [12,13] of the river network
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in the study area. MIKE 11 is suitable for simulating unsteady flow in river networks,
and plain river networks regulated by sluices and pumping stations [14,15]. Its core
concept is to generalize natural channels into a one-dimensional topological network [21,22]
composed of reaches, cross sections, nodes, and hydraulic structures, and to solve the
temporal variation of water levels and discharges within the river network under prescribed
boundary conditions, initial conditions, channel roughness, and related parameters.
Considering the dense river network, low-lying terrain, and strong human regulation
in the Lixiahe region, the model was constructed with backbone conveyance channels and
major connecting tributaries as the main objects. Control structures such as sluices and
pumping stations were embedded as internal structures in the river network system to
represent hydrodynamic processes including channel conveyance and discharge to the sea.

2.3.1. Principles of the Hydrodynamic Model

One-dimensional unsteady channel flow is governed by the Saint-Venant equations [13,14].
This equation system consists of the continuity equation and the momentum equation, rep-
resenting conservation of mass and conservation of momentum, respectively. Its commonly
used form is as follows:

A 9Q

9Q 9 [/ Q? oH _
at—'—ax(aA) +gAg +gASf*0, (2)

where x is the distance along the channel; ¢ is time; A is the flow cross-sectional area; Q is
the discharge through the cross section; g is the lateral inflow or outflow per unit channel
length; H is the water level; g is gravitational acceleration; o is the momentum correction
coefficient; and Sy is the friction slope. The friction term is commonly expressed using the
Manning formula:

5, _ malo o
f = "A2R473’
where 7 is the Manning roughness coefficient; R = A/ P, is the hydraulic radius, and Py, is
the wetted perimeter.

The above equations are based on assumptions such as cross-sectionally averaged
velocity and hydrostatic pressure distribution. For plain river networks, these equations
can describe gradually varied unsteady flow, water level propagation induced by sluice
and pump regulation, and flow redistribution at network nodes.

2.3.2. Model Development Procedure

The model development procedure mainly included river network generalization,
cross-section data processing, boundary condition setting, and hydraulic structure parame-
terization. First, based on water system data, channel centerlines, measured cross sections,
and the distribution of hydraulic works in the study area, the calculated reaches and
their topological connections [21,22] were determined and a Network file was established
(Figure 2). A Cross-section file was then created using measured cross-section data and
generalized cross-sectional forms. In the Boundary file, upstream inflow discharge and
downstream water level boundary conditions [23] were specified based on hydrological
data. For sluices and pumping stations, gate width, sill elevation, discharge coefficients,
pump characteristic curves, and operating rules were entered through the Structure file.
Finally, the Simulation file was configured to call the relevant files and define the simulation
period, time step, spatial step, initial water levels, and output settings, thereby forming a
complete hydrodynamic simulation scheme.
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Figure 2. Schematic diagram of the generalized river network.

For plain river networks strongly affected by sluice and pump operation, large differ-
ences between initial water levels and boundary water levels can easily produce numerical
oscillations during the initial stage of computation. Therefore, a warm-up period was set
before the formal simulations so that water levels, discharges, and hydraulic structure oper-
ating states in the river network could gradually become coordinated. Boundary conditions
were specified using synchronized observed data with a consistent time reference.

2.3.3. Parameter Calibration Procedure

Parameter calibration focused primarily on channel roughness while also considering
sensitive factors such as local resistance coefficients, gate discharge coefficients, pump
operating parameters, and initial water levels. The Manning roughness coefficient reflects
the combined effects of bed material, bank vegetation, and cross-sectional form, and
is the most important parameter to be determined in a one-dimensional river network
model [14,15].

During the calibration period, initial river roughness values (Table 1) were assigned
according to channel type based on the approximate ranges reported in the literature [24].
The roughness coefficient of each river reach was then calibrated individually by compar-
ing the simulated water levels with the observations at the corresponding stations. The
coefficients were adjusted reach by reach until the simulated water-level processes agreed
satisfactorily with the observations in terms of water level fluctuations, peak timing, and
peak water levels.

Table 1. Literature-based initial value of river roughness.

Channel Characteristics Initial Manning Value
Basin-scale trunk watercourse 0.022
Regional major watercourse 0.024
Major cross-county watercourse 0.028
Key county-scaled watercourse 0.028
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2.4. Design of Winter Replenishment Discharge Scenarios and Construction of River Network
Stage—Flow Response Relationships

To identify the regulatory effect of external water replenishment on river network
water levels in the Lixiahe region during winter, this study used the Jiangdu and Gaogang
water control hubs as the main upstream replenishment boundaries, designed winter
replenishment discharge scenarios, and established response relationships between water
levels at key regional stations and upstream input discharge based on the calibrated river
network hydrodynamic model [12,21].

Because winter in the study area corresponds to the dry season and a sensitive period
for water level maintenance, the scenario design used December, January, and February
as the statistical period. Concurrent discharges from the Jiangdu and Gaogang hubs were
treated as the principal components of external input discharge. At any time t, the total
external input discharge into the region can be expressed as

Qext(t) = Q]D(t) + QGG(t)/ (4)

where Qxt(t) is the total external input discharge entering the Lixiahe region, in m3/s;
Qp(t) and Qg (t) are the input discharges from the Jiangdu and Gaogang water control
hubs, in m3/s.

Zero discharge observations represented genuine days without external replenishment.
They were retained in the analysis and were not treated as missing values or replaced with
arbitrary small positive values. For each discharge series, the zero discharge probability
was calculated as pg = No/N, where Ny is the number of zero discharge observations
and N is the total number of valid observations. Following the conditional-probability
approach used in established streamflow frequency analyses [25], zero discharges were
represented as a discrete probability mass, whereas the P-III distribution was fitted only to
positive discharges.

Let F1 (q) denote the conditional cumulative distribution fitted to positive discharges.
The overall mixed distribution was expressed as

0, q<aq,
F(q) = po, q9=0, (5)
po+ (1 —po)F+(q), 4 >0,

where F(q) is the overall cumulative probability of winter daily input discharge. Positive
observations were ranked separately to determine their conditional empirical frequencies.
Repeated zero observations were represented collectively by pg rather than being assigned
different plotting positions.

In this study, the discharge guarantee rate was defined as the overall exceedance
probability. For g > 0, the overall and conditional exceedance probabilities were related by

Pe(q) = (1= po)Pe+(q), (6)

where P, +(q) = P(Q > g | Q > 0). When a target guarantee rate exceeded the observed
positive discharge probability 1 — pg, no positive discharge quantile was available, and
the corresponding discharge was set to zero. Negative extrapolated discharges were not
retained or used to determine management thresholds.

The conditional exceedance probabilities obtained from the positive inflow sample
were multiplied by the observed positive inflow probability, 1 — pg, to obtain the corre-
sponding overall exceedance probabilities. The resulting mixed probability distribution,
including the discrete zero inflow component (Figure 3).
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Figure 3. Frequency fitting curves for upstream winter daily inflow.

In scenario design, this study considered both the representativeness of historical
hydrological conditions and the need to identify model response characteristics. On one
hand, based on the winter external input discharge guarantee rate table for the Jiangdu and
Gaogang water control hubs, input discharges corresponding to several typical guarantee
rates were selected as hydrologically representative scenarios to characterize the winter
replenishment background. On the other hand, equal gradient replenishment simula-
tion scenarios were established to construct continuous stage—flow response relationships.
Considering existing hub water diversion operating conditions and model stability require-
ments, 10 discharge levels of 20, 40, 60, 80, 100, 120, 140, 160, 180, and 200 m3 /s were set
separately for the Jiangdu and Gaogang hubs. When the two hubs increased synchronously,
the corresponding total external input discharge for the region ranged from 40 to 400 m3/s.

All replenishment scenarios were run under consistent channel parameters and down-
stream boundary conditions, using multi-year average winter water levels, to ensure
comparability among scenarios. To highlight the marginal effect of upstream replenishment
discharge on regional water levels, the winter simulations kept downstream water level
boundaries, initial water level conditions, and major engineering operating rules consistent.
Sluices were maintained under conventional opening or fixed control states, while pumping
stations were treated as closed or fixed discharge boundaries. These simplifications were
intended to isolate the interference of complex sluice pump operation on the stage-response
relationship, so that the established Q-H relationship primarily reflected the influence of
variations in external replenishment discharge. Future multi-objective operation studies
may further introduce scenarios involving gate openings, pumping station discharges, and
combinations of zonal operations.

These assumptions were adopted to isolate the response to total upstream replenish-
ment. Consequently, the fitted relationships should be interpreted as conditional response
functions rather than transferable rating curves.

After model runs were completed, simulated water level processes were extracted for
key water level stations such as Xinghua, Fanchuan, and Sanduo. To reduce the influence
of initial conditions and short-term fluctuations on the response relationships, the mean
daily water level over the winter simulation period was used as the representative water
level for each scenario.

Because plain river networks are influenced by network storage regulation, cross-
sectional conveyance capacity, downstream water level control, and local backwater effects,
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the response of water level to upstream replenishment discharge may not be strictly linear.
To balance functional interpretability with the ability to represent changes in marginal
response, this study used a quadratic polynomial as the unified fitting form for the Q-H
response relationships at key stations:

H; = 0;Q* +b;Q+c; +¢, (7)

where g;, b;, and c; are the quadratic coefficient, linear coefficient, and constant term of the
response curve for station i, respectively; Q is the external input discharge, in m3/s; and H;
is the representative water level at station i under the corresponding scenario, in m.

2.5. Derivation of Hydrologically Based Candidate Water Level Benchmarks

Hydrological frequency analysis uses the statistical distribution characteristics of
historical water level series to identify representative water levels under different guarantee
rates, thereby providing hydrological context and an initial reference for determining
dry season water levels. For a plain river network such as the Lixiahe region, which is
jointly affected by sluices and pumps, water diversion and drainage projects, and external
replenishment, historical water level processes reflect both natural regional hydrological
conditions and the combined effects of engineering regulation and water resource use.

Hydrological frequency analysis characterizes the probability and persistence of histor-
ical winter water levels. In this study, the resulting values are termed hydrologically derived
candidate water level benchmarks. They provide a transparent basis for comparing low
water conditions and management scenarios, but they are not interpreted as biologically
sufficient ecological thresholds. Biological validation would require explicit information on
local species, habitat, substrate, temperature, dissolved oxygen, and water quality.

This study used December, January, and February as the winter analysis period and
extracted daily water level series for each water level station in the study area. To maintain
the continuity of winter processes, winter samples were processed by hydrological year;
that is, December of a given year and January—February of the following year together
formed one complete winter. For the water level station i, the water level guarantee rate
means the probability that the water level is not lower than a specified control water
level, namely:

P(Hi > Hi,p) =P (8)

where p stands for the dimensionless exceedance probability satisfying 0 <p <1, and H; ,
denotes the site-specific water level quantile that is met or surpassed at probability p.

A higher guarantee rate generally corresponds to a lower water level, meaning that the
water level can be reached with a higher probability during historical winter periods. High
guarantee rate water levels are closer to the low water control line of the historical water
level duration curve and are therefore suitable as hydrological references for minimum
water level targets, although their ecological rationality still requires verification.

Empirical frequency calculations were first performed for the winter water level
samples at each station. The water level series was sorted in descending order, and
the water level was denoted as H; ,,. Its empirical guarantee rate can then be estimated
as follows:

Pp =m/(n+1) x 100%, )

where P, is the empirical guarantee rate corresponding to the water level sample; m is the
rank order; and # is the total number of samples.

The empirical frequency curve can intuitively reflect the duration distribution of
winter water levels, but it is strongly affected by sample length, extreme values, and
discrete fluctuations. To obtain continuous, smooth, and easily interpolated guarantee rate
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water levels, this study further fitted Pearson type III distributions to the winter water
level series.

The Pearson Type III (P-1II) distribution was selected a priori rather than through
an exhaustive comparison of candidate distributions. This choice was based on its three-
parameter structure, which can represent the skewness commonly observed in hydrological
series, and on its established use in conventional at-site hydrological frequency analysis
in China [26]. In this study, P-IIl was applied consistently across stations to provide com-
parable frequency-based hydrological quantiles. Its site-specific adequacy was evaluated
against the empirical frequency points using R?, as reported in Section 3.3. Nevertheless,
the resulting quantiles are conditional on the selected distribution and the 2006-2021 obser-
vation period; therefore, the use of P-III in this study should not be interpreted as evidence
that it is universally superior to other probability distributions. Its probability density
function can be written as

f(x) = F(a) (x —ag)* e P¥=m0) x> g, (10)

where oc and (3 are the shape and scale parameters, respectively; ag is the location parameter;
and I'(«) is the Gamma function.

In practical hydrological frequency calculations, the distributional form is character-
ized by the sample mean, coefficient of variation, and coefficient of skewness. For the winter
water level series at station i, the sample mean, coefficient of variation, and coefficient of
skewness are defined as follows:

n
F=2Y %, an
i3
S
Cp = = (12)
nyt (v —x)°

Csz

(n—1)(n—2)S% 13

where 7 is the sample size; x; is the ith sample value; X is the sample mean; S is the sample
standard deviation; Cv is the coefficient of variation; and Cs is the coefficient of skewness.
According to the Pearson type III frequency curve, the theoretical water level under

different guarantee rates is
Hp, = H(1+4 C,®@y), (14)

where H), is the theoretical water level corresponding to the guarantee rate; H is the multi-
year mean water level; C, is the coefficient of variation; and @, is the frequency factor of
the Pearson type III curve, which can be obtained from Pearson type III frequency curve
tables or through numerical calculation.

This study adopted water level determination methods based on the statistical distri-
bution of water levels [26]. To avoid bias caused by reliance on a single threshold method,
the guarantee rate method, monthly guarantee rate method [27,28], intra-annual distribu-
tion method, annual minimum monthly mean method [29], and 7-day low water frequency
method [30,31] were applied comprehensively, and their results were compared.

2.5.1. Guarantee Rate Method

The guarantee rate method uses the water level corresponding to a specified guarantee
rate as the water level threshold [4,5]. Its basic premise is that water levels with relatively
high persistence probability in a long-term series [6,7] can represent relatively stable
low water conditions, which may serve as a statistical benchmark for ecological water
level assessment.
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The 75%, 90%, and 95% guarantee rates were selected to represent three hydrological-
management scenarios rather than biologically determined ecological thresholds. Because
the guarantee rate is defined as the probability that the water level is not lower than a spec-
ified value, a higher guarantee rate generally corresponds to a lower and more historically
attainable water level benchmark. The P75 water level represents a moderately dry but
relatively common condition and was included as a higher candidate benchmark associated
with a greater replenishment requirement. P90 represents a lower water condition and was
adopted as the central comparison level because it provides a practical compromise among
low water representativeness, historical attainability, and statistical robustness. P95 was
included as a lower-bound, high-attainability scenario under more severe dry conditions
and as a means of examining sensitivity to the lower tail of the water level distribution.
Together, the three levels provide a graded basis for comparing water level targets and
replenishment requirements under different water availability conditions. They should not
be interpreted as species-specific or biologically validated ecological thresholds.

Together, these three levels form a guarantee rate gradient from a common moderately
dry state to a stricter low water constraint.

2.5.2. Monthly Guarantee Rate Method

The monthly guarantee rate method [27,28] emphasizes the non-uniformity of water
level processes within the winter season. This method first constructs monthly empirical
frequency curves for December, January, and February separately, and then calculates the
water level corresponding to the specified guarantee rate for each month. The monthly
guarantee rate water level can be expressed as

Epp = Hyp,m € {12, 1, 2}. (15)

For comprehensive comparison, this study used the mean of the P = 90% guarantee
rate water levels for the three winter months. This indicator retains information on monthly-
scale differences while forming a single statistic suitable for comparison among stations.

The monthly guarantee rate analysis was based on winter daily water level records
covering 2006-2021. The same analysis period and data processing procedure were applied
to all nine stations to maintain comparability among stations. Accordingly, the resulting
monthly guarantee levels were used as period-specific hydrological benchmarks for cross-
station comparison and operational scenario assessment.

2.5.3. Intra-Annual Distribution Method

The intra-annual distribution method is used to convert the overall winter water
level benchmark into a monthly water level process. This method takes the overall winter
p = 90% guarantee rate water level as the baseline and superimposes the anomaly of the
multi-year monthly mean water level relative to the winter mean water level:

Edist = Hog + (Hyw — Hy), m € {12, 1, 2}, (16)

where EfniSt is the distributed water level for month m; H,, is the multi-year mean water
level for month m, and Hy, is the winter mean water level.

If the mean water level in a given month is higher than the winter mean, the water level
for that month is correspondingly increased; otherwise, it is reduced. This method is supe-
rior to a single guarantee rate threshold in preserving intra-seasonal water level rhythms.
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2.5.4. Annual Minimum Monthly Mean Method

The annual minimum monthly mean method starts from low water processes in
individual winters and reduces the influence of single-day extreme fluctuations on water-
level estimation. For each complete winter year, monthly mean water levels are first
calculated for December, January, and February, and the minimum of these values is then
taken as the representative low water level for that winter year.

2.5.5. Seven-Day Low Water Frequency Method

The 7-day low water frequency method [26,30] is used to characterize continuous low
water processes. Compared with the single-day minimum water level, the 7-day moving
average reduces the influence of short-term random fluctuations and is more suitable for
representing low water stress with sustained effects on aquatic ecosystems. For a complete
winter, the 7-day moving average water level is defined as

6
7y _ 1
Hy| = ?.Z Hy,—j. (17)
The minimum 7-day average water level for that winter is

7 R
L) = min HY). (18)
Empirical frequency analysis of the Lg) series yields the water level based on 7-day
low water frequency:

Erp = Qp (L) (19)

This study used P = 90% as the representative guarantee rate for this method. This
indicator is relatively conservative and is suitable for characterizing water level constraints
under continuous low water conditions.

2.6. Upstream Replenishment Required to Meet Hydrological Water Level Benchmarks

After determining the hydrological water level targets and the regional river network
stage—flow response relationships, this study further identified upstream replenishment
discharge thresholds required to meet winter hydrological water level demands. The
water level requirements proposed from hydrological considerations were converted into
upstream boundary discharge conditions, thereby providing a quantitative basis for winter
operation of external replenishment projects such as the Jiangdu and Gaogang water
control hubs.

The determination of replenishment discharge or water level thresholds generally
needs to consider hydrological processes, habitat requirements, and engineering feasibility.
Therefore, it should not rely solely on a single historical statistical value but should be
integrated with hydrodynamic responses of the river network.

In the preceding analysis, different winter replenishment scenarios were established
using the MIKE river network hydrodynamic model, and response relationships between
water levels at control stations and upstream input discharge were fitted. These response
relationships were described by quadratic polynomials. The function characterizes the
influence of replenishment discharge changes on regional river network water levels within
the studied discharge range, and its applicability should be limited to the model calibration
conditions and replenishment scenario settings.
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At the single-station scale, the replenishment discharge threshold required to meet
a hydrological water level target is defined as the minimum replenishment discharge at
which the simulated water level reaches or exceeds the water level target:

Qimin = min{Q|fi(Q) > H;, Quin < Q < Qmax}, (20)

where Q); is the replenishment discharge threshold for station i; Qi and Qax are the mini-
mum and maximum replenishment discharges set in the scenario simulations, respectively.

If the stage—flow response relationship is approximately monotonically increasing
within the study range, Q; can be obtained by inverting the response function. For a
quadratic response function, the root that falls within the scenario discharge range and has
practical hydrological meaning is selected as the replenishment threshold for the station. If
the water level at Q,,;, already satisfies the hydrological water level target, the station meets
the requirement under the existing low flow condition. If the water level at Qs remains
below the hydrological water level benchmark, the existing replenishment scenarios are
insufficient, and the need for engineering operation adjustment or ecological target revision
should be discussed in the results.

Because water level responses in the Lixiahe river network show clear spatial dif-
ferences, the replenishment discharge thresholds required by different stations may not
be consistent. Therefore, at the regional scale, single-station thresholds and an all-area
satisfaction threshold can be identified separately. When all control stations are included in
the evaluation, the regional all-area satisfaction threshold can be expressed as

Qa=max(Q;),i=12,...,n. (21)

This treatment means that regional replenishment discharge must at least reach the
maximum threshold among the control stations to ensure that water level targets are
met within the corresponding area. If the research objective focuses on key reaches or
ecologically sensitive areas, representative stations may be selected to calculate zonal
thresholds, thereby avoiding excessive control of overall replenishment demand by the
most unfavorable station across the whole region.

During threshold determination, candidate replenishment discharges should also
be checked for engineering feasibility and hydrodynamic rationality. On one hand, the
replenishment discharge should not exceed the winter water supply capacity and allowable
operating range of the Jiangdu and Gaogang water control hubs. On the other hand, after
replenishment, water levels at all control stations should not exceed regional safety control
levels, and flow velocities in key reaches should remain within ecologically suitable ranges
as far as possible. Accordingly, the final upstream replenishment discharge threshold
can be understood as the minimum feasible discharge jointly constrained by water level
targets, river network hydrodynamic responses, and engineering operation boundaries.
The specific threshold results, differences among control stations, and corresponding
replenishment scenarios are further analyzed in the Section 3.

3. Results
3.1. Calibration Results of the Hydrodynamic Model

The hydrodynamic model calibration results indicate that the model achieved accept-
able accuracy in simulating low-amplitude winter water level variations and can support
scenario comparison and response trend identification. Following the reach-by-reach iter-
ative calibration, the final Manning coefficients ranged from 0.020 to 0.035. These values
represent effective roughness parameters under the modeled winter conditions rather than
direct measurements of temporally varying physical roughness. Across the nine water level
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stations (Table 2), the root mean square error (RMSE) ranged from 0.0561 to 0.0824 m, with
a mean of 0.0626 m; while the mean absolute error (MAE) ranged from 0.0396 to 0.0698 m,
with a mean of 0.0516 m. These values indicate that the absolute deviations between
simulated and observed water levels generally remained within an acceptable range. The
Nash-Sutcliffe efficiency coefficient (NSE) ranged from 0.5972 to 0.7395, with a mean of
0.6960, suggesting that the model had adequate simulation capability for most monitoring
stations during the dry season (Figure 4); for the Huangtugou Station with a relatively low
NSE value, further investigation into parameters including upstream-downstream channel
roughness and cross-section geometry is required to improve the overall model accuracy.

Table 2. Hydrodynamic simulation efficiency and error evaluation.

Station RMSE MAE NSE
Xinghua 0.056 0.044 0.717
Fanchuan 0.056 0.040 0.711
Sanduo 0.061 0.051 0.681
Qintong 0.058 0.049 0.733
Taizhou 0.061 0.052 0.656
Huangtugou 0.082 0.069 0.597
Tangzi Town 0.062 0.055 0.709
Shenlun 0.060 0.050 0.719
Funing 0.066 0.053 0.739
RMSE = 0.061 RMSE = 0.057 1.509 RMSE = 0.062
|65 MAE =001 1504 MAE = 0.044 MAE = 0.055

NSE =0.681 NSE=0.717 NSE =0.709
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Figure 4. Parameter calibration process of the hydrodynamic model.

Calibration performance varied among the nine stations. The absolute error metrics
and NSE describe different aspects of model performance. In particular, NSE is normalized
by the variance of the observed series and is therefore sensitive to the magnitude of water
level variability. Consequently, NSE values cannot be compared across stations without
also considering RMSE, MAE, and the observed water level variation. For example, Funing
had an RMSE of 0.066 m but the highest NSE of 0.739, whereas several stations with smaller
RMSE values had lower NSE values. This difference indicates that a relatively high NSE
does not necessarily correspond to the smallest absolute error.
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Huangtugou showed the largest RMSE and MAE values, 0.082 and 0.069 m, respec-
tively, together with the lowest NSE of 0.597. Therefore, its relatively weak performance
cannot be attributed solely to the variance dependence of NSE. The discrepancy at this
station may reflect the combined effects of local hydraulic structure operation, simplified
representation of secondary channels and lateral exchanges, uncertainty in cross-sectional
geometry and roughness, and differences between the prescribed and actual boundary
conditions. Because the contributions of these factors were not separately quantified, they
are interpreted as potential sources of uncertainty rather than confirmed causes. Model-
derived results for Huangtugou should therefore be interpreted with greater caution than
those for the better-performing stations.

The calibration results support comparative scenario analysis, but the influence of
station-specific error and parameter uncertainty on the derived replenishment requirements
remains a limitation.

3.2. Water Level Responses of the River Network Under Upstream Flow Gradients

Under upstream replenishment discharge gradients of 40-400 m3/s, water levels
at all nine control stations in the study area increased monotonically with increasing
discharge. The mean station water level rose from 0.736 m under the 40 m?/s scenario
to 1.652 m under the 400 m3/s scenario, an overall increase of 0.916 m. The response
magnitude differed markedly among stations, indicating that upstream replenishment is not
transmitted uniformly in space after entering the plain river network, but is jointly affected
by river network connectivity, conveyance pathways, local cross-sectional conditions, and
engineering control patterns.

In terms of station water level ranges (Table 3, Figure 5), Taizhou Station maintained
relatively high water levels under all discharge scenarios. Its water level increased from
0.90 m to 1.90 m, an increase of 1.00 m, which was the largest water level rise in the
simulations. Fanchuan and Qintong stations each increased by 0.98 m, Sanduo Station by
0.97 m, Shenlun Station by 0.96 m, and Xinghua and Tangzi Town stations each by 0.95 m,
indicating clear responses to changes in replenishment discharge. In contrast, Huangtugou
Station increased by 0.83 m and Funing Station by only 0.63 m, suggesting relatively weak
water level responses to upstream replenishment at these stations. As discharge increased
from 40 to 400 m3/s, the inter-station water level difference expanded from 0.47 m to
0.84 m, indicating more pronounced spatial differentiation of regional water levels under
high replenishment conditions.

Table 3. Simulated water levels at key stations under upstream flow gradient scenarios.

Discharge* Xinghua Fanchuan Sanduo Qintong Taizhou Huang-tugou Tangzi Town Shenlun  Funing
40 0.76 0.88 0.86 0.76 0.90 0.62 0.69 0.72 0.43
80 0.79 0.91 0.89 0.79 0.94 0.65 0.72 0.75 0.45
120 0.85 0.98 0.96 0.86 1.00 0.7 0.78 0.81 0.48
160 0.94 1.07 1.05 0.95 1.09 0.77 0.87 0.9 0.54
200 1.05 1.18 1.15 1.06 1.20 0.86 0.97 1.01 0.6
240 1.17 1.30 1.28 1.18 1.33 0.97 1.09 113 0.68
280 1.29 1.43 141 131 1.46 1.08 1.22 1.26 0.76
320 1.43 1.57 1.54 1.45 1.6 1.2 1.35 1.39 0.85
360 1.57 171 1.68 1.59 1.75 1.32 1.49 1.53 0.95
400 1.71 1.86 1.83 1.74 1.90 1.45 1.64 1.68 1.06

* Discharge is expressed in m3/s; water level is measured in m.
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Multi-Station Water Level-Discharge Response Curves
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Figure 5. Stage—flow response curves at each station.

Within the 40-400 m3/s scenario range and under fixed boundary and sluice pump
rules, quadratic polynomials effectively represented the response relationships between
station water levels and upstream replenishment discharge. The fitted R? values for all nine
stations exceeded 0.998, with a mean of 0.998708, indicating that the quadratic function form
could stably describe water level responses caused by changes in upstream replenishment
discharge within the discharge range set in this study. The quadratic coefficients were
positive for all stations, indicating that the marginal water level response to discharge
increased with increasing replenishment discharge. When dH /d(Q was used to characterize
the marginal response, station responses were approximately 0.000597-0.001356 m/(m3/s)
under the 40 m>/s condition and increased to 0.002966-0.004408 m/(m?3/s) under the
400 m? /s condition. Taizhou Station showed the strongest marginal response in the high
discharge range, whereas Funing Station exhibited the weakest response under both low
and high discharge conditions (Table 4).

Table 4. Quadratic polynomial fitting coefficients for stage—flow response relationships.

Station g::;ﬁfi::t CoI:fI;iec?:nt Constant Term RZ *

Xinghua 4.00 x 107° 0.000979 0.6941 0.998384
Fanchuan 4.05 x 107 0.001032 0.8125 0.998734
Sanduo 3.98 x 107 0.001033 0.7926 0.998592
Qintong 4.05 x 107° 0.001032 0.6925 0.998734
Taizhou 429 x 107° 0.000980 0.8375 0.998747
Huangtugou 3.76 x 107° 0.000723 0.5711 0.998607
Tangzi Town 417 x 107° 0.000888 0.6300 0.998769
Shenlun 4.07 x 107 0.000966 0.6546 0.998453

Funing 3.29 x 107 0.000334 0.4038 0.999357

*R? indicates the fitting performance of the regression equation. The high coefficients of determination
reflect the smooth interpolation of ten deterministic scenario points generated with fixed boundaries
and operation rules. They should not be interpreted as independent evidence of predictive accuracy.
The fitted functions are valid only within the simulated range of 40-400 m3/s and under the stated
scenario assumptions.
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The linear coefficient reflects the initial response sensitivity under low discharge in-
crements. Sanduo Station had the highest linear coefficient, followed by Fanchuan and
Qintong stations, indicating that these stations exhibited clear water level increases during
the initial stage of replenishment. Funing Station had the lowest linear coefficient, indicat-
ing a weak direct response to upstream replenishment. In terms of the quadratic coefficient,
Taizhou Station was the highest and Funing Station the lowest. Considering simulated wa-
ter levels, response slopes, and fitted parameters, Taizhou, Fanchuan, Sanduo, and Qintong
can be regarded as relatively sensitive stations in terms of replenishment response, whereas
Huangtugou and Funing are weak response stations that require particular attention in
subsequent water level compliance assessment.

3.3. Hydrologically Derived Candidate Water Level Benchmarks

Based on frequency analysis of winter water level series from 2006 to 2021, relatively
complete winter water level samples were obtained for all nine control stations (Figure 6),
with 1444 winter records at each station. Mean winter water levels differed markedly in
space, with station means ranging from 0.765 to 1.202 m and a regional mean of 1.091 m.
Among them, Fanchuan, Taizhou, and Sanduo stations had relatively high mean winter
water levels of 1.202 m, 1.201 m, and 1.195 m, respectively; Funing and Huangtugou
stations had markedly lower mean water levels of 0.765 m and 0.924 m, respectively. These
results indicate that winter water levels in the study area do not share a unified regional
benchmark, and that low water backgrounds and water level reference values need to be
identified separately for each station.
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Figure 6. Frequency fitting of winter water levels at the stations.

Overall, the Pearson type III frequency curves were able to fit the winter water
level distributions at each station, with fitted R? values of 0.8892-0.9957, RMSE values
of 0.0072-0.0500 m, and MAE values of 0.0049-0.0307 m. Funing Station showed the best
goodness of fit, whereas Shenlun Station showed relatively lower fit performance. This
suggests that low water sequences at some stations are more strongly affected by local
regulation or extreme low water processes, and that subsequent water level determina-
tion should be interpreted comprehensively using results from multiple methods. These
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diagnostic results support the adequacy of P-III as a working distribution for the present
water level records, but they should not be interpreted as demonstrating its superiority
over probability distributions that were not evaluated in this study.

Spatially, Funing Station had the lowest water levels under all guarantee rate condi-
tions. Its 90% and 75% guarantee rate water levels were 0.63 m and 0.69 m, respectively,
which were substantially lower than those of other stations. The 90% and 75% guarantee
rate water levels at Huangtugou Station were 0.84 m and 0.87 m, respectively, also indicat-
ing relatively low levels. In contrast, the water levels at Taizhou, Sanduo, Fanchuan, and
Xinghua stations under the 90% guarantee rate were 1.05 m, 1.05 m, 1.05 m, and 1.01 m,
respectively, showing relatively high winter water level guarantee conditions. These dif-
ferences indicate that if a unified guarantee rate is used as the hydrological reference for
water levels, the corresponding absolute water levels differ greatly among stations.

Overall, hydrological frequency methods provide historical hydrological references
for identifying winter water level targets in the study area (Figure 7). These values can
serve as important candidates for subsequent comparison of water level targets. Because
frequency methods mainly characterize the occurrence probability of historical water levels,
the results in this section should not be directly equated with final water level targets. The
frequency-derived water level results should be combined with station-specific water level
conditions to further determine integrated water level targets for inversion of upstream
replenishment discharge thresholds.
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Figure 7. Comparison of water levels corresponding to different water level determination methods
at each station.

3.4. Scenario-Specific Replenishment Requirements

The winter water levels of the nine stations ranged from 0.413 to 1.121 m. After con-
version based on the fitted Q-H relationships at each station (Figure 8), the replenishment
discharge required to meet water level targets at the station scale ranged from 153.94 to
268.49 m® /s (Table 5), corresponding to fitted guarantee rates of 12.06-60.70% (Figure 9).

The most difficult water level target to satisfy was the annual minimum monthly mean
target at Funing Station. The corresponding water level was 0.731 m, requiring a discharge
of 268.49 m3 /s, with a discharge guarantee rate of 12.06%. Under the condition that water
levels at other stations are already satisfied, this station-method combination forms the
final controlling constraint for the overall replenishment discharge of the study area.

Cross-station comparison among stations shows that Funing Station had the highest
bound discharge requirement (268.49 m3/s, controlled by the annual minimum monthly
mean method), whereas Tangzi Town Station controlled the regional minimum replenish-
ment threshold (153.94 m3/s).
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Figure 9. Regional total input discharge guarantee.

Comparison among methods indicates that the 7-day low water frequency P90 method
had the lowest regional controlling discharge (153.94 m3/s, with a guarantee rate of 60.70%)
and therefore the best attainability under a water saving objective. The annual minimum
monthly mean method had the highest controlling discharge (268.49 m?/s, with a guar-
antee rate of 12.06%), representing the most water-demanding benchmark among the
methods evaluated.
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Table 5. Minimum discharge and guarantee rate corresponding to the hydrological water level targets
at each station.

Required Replenishment

Station Discharge 2 (m®/s) Guarantee Rate Fitted Percent (%) Controlling Method
Xinghua 148.34 63.14 7-day Low P90
Fanchuan 71.58 84.42 7-day Low P90
Sanduo 99.97 79.30 7-day Low P90
Qintong <40.00'! 87.25 Annual Min. Monthly P90
Taizhou 75.74 83.85 7-day Low P90
Huangtugou 142.03 66.57 7-day Low P90
Tangzi Town 153.94 60.70 7-day Low P90
Shenlun <40.00 87.25 7-day Low P90
Funing 148.95 62.88 7-day Low P90

! Table note: <40.00 m?/s indicates that the water level target is lower than or equal to the lowest
simulated scenario; it does not mean that replenishment is entirely unnecessary under observed
conditions. 2 Table note: Required Replenishment Discharge indicates the discharge required to meet
the water level target derived from hydrological methods.

4. Discussion
4.1. Complementing Conventional Hydrological Statistical Methods

Conventional hydrological statistical methods are based on historical water level or
discharge series and can characterize the frequency properties and guarantee levels of dry
season hydrological processes, making them important references for determining ecolog-
ical water levels. In plain river network areas with relatively complete data, guarantee
rate water levels, duration curves, and frequency analysis results have the advantages of
clear calculation procedures, reproducible results, and ease of interpretation by manage-
ment agencies. However, hydrological frequency methods mainly reflect the statistical
distribution of historical hydrological processes and cannot directly determine whether
a given water level can maintain suitable water depth, flow velocity, and aquatic habitat
requirements [30,31]. Therefore, in the Lixiahe region, where artificial regulation is strong
and hydrodynamic processes are relatively weak, determining ecological water levels solely
on the basis of historical low water levels or a particular guarantee rate water level may
overlook the integrated responses of biological communities to water depth, velocity, water
quality, and connectivity.

From a methodological perspective, hydrological frequency methods provide the
long-term series context, whereas hydrodynamic models provide water level response
relationships under engineering operation boundaries. Combining the two can avoid the
limitations of a single method: hydrological statistical results prevent the analysis from
depending entirely on a limited set of simulation results, while hydrodynamic responses
prevent ecological water levels from being reduced to historical statistical quantiles. This
coupling enables ecological water level targets to be converted into operational upstream
replenishment discharge thresholds. Such an approach is particularly suitable for plain
river network regions, because water level processes in these areas are jointly influenced
by natural inflow, external replenishment, sluice pump operation, and network connec-
tivity, and ecological water level maintenance requires both hydrological justification and
engineering feasibility.

This study used multiple hydrological statistical methods to generate water level
target candidates and converted water level targets into replenishment thresholds through
hydrodynamic responses. The coupling performed here addresses operational attainability,
not ecological sufficiency. It prevents a hydrological benchmark from being used without
checking whether it can be achieved through the regulated network, but it does not establish
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that attaining the benchmark protects local biota. Verification based on ecological responses
still requires further research.

4.2. Mechanisms Controlling Stage—Flow Responses in Plain River Networks

As a typical plain river network, the Lixiahe region does not exhibit a simple relation-
ship between upstream discharge and downstream water level as found in a single channel.
The stage—upstream replenishment discharge response relationships constructed in this
study show that the same increment in external replenishment may produce different mag-
nitudes of water level rise at different stations. This spatial difference reflects the complexity
of replenishment transmission in plain river networks. After upstream input discharge
enters the network, it is affected by multiple factors, including network topology [21,22],
branching and confluence, lake storage regulation, and downstream boundary control.

River network connectivity determines whether replenishment discharge can be ef-
fectively transmitted to ecologically sensitive reaches. Compared with a single channel,
flow pathways in plain river networks are characterized by multiple channels, numerous
nodes, and weak directionality. Although some areas may receive total replenishment
input, actual hydrodynamic improvement may be limited because of gate control, local
barriers, or insufficient hydraulic gradient. In addition, lakes and wide shallow reaches
have obvious storage regulation effects, which may weaken the immediate response of local
water levels to upstream replenishment, causing water level changes to appear as gradual
rises or reduced marginal responses. Furthermore, sluice pump operating modes alter
internal water level boundaries and flow direction structures within the river network, so
the same total replenishment amount can generate different spatial water level distributions
under different operating states.

Therefore, the amount of replenishment in a plain river network cannot be directly
equated with the effective ecological replenishment amount. The effect of replenishment
depends not only on the magnitude of input discharge from upstream hubs such as
Jiangdu and Gaogang but also on whether replenishment pathways cover ecologically
sensitive reaches, whether key nodes have sufficient conveyance capacity, and whether post-
replenishment water levels and velocities simultaneously meet ecological requirements.
The significance of the stage-flow response curves lies in converting this complex hydrody-
namic transmission process into comparable station response functions, thereby providing
a quantitative basis for identifying replenishment-sensitive stations, weak response reaches,
and key control nodes.

4.3. Implications for Dry Season Water Replenishment Operations

The core objective of dry season water replenishment is not simply to raise water levels
across the entire region, but to improve replenishment efficiency and reduce engineering
operating costs while satisfying ecological bottom-line requirements. By identifying up-
stream replenishment discharge thresholds based on water level targets and stage—flow
response relationships, this study provides references for winter operation at three lev-
els: determining the minimum replenishment requirements of key water level stations;
comparing the response sensitivity of different stations to upstream replenishment and
identifying areas with higher or lower replenishment efficiency; and converting water-level
targets into executable discharge control indicators for hubs such as Jiangdu and Gaogang.
Compared with replenishment schemes based solely on empirical operation or historical
mean discharge, this method more clearly indicates how much water should be supplied
and which areas may remain insufficiently supported.

From the perspective of engineering management, dry season replenishment can adopt
a graded operation strategy. First, the minimum water level should be used as a bottom-line
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constraint to ensure that key stations and key reaches do not fall below ecological control
water levels. Second, after the bottom-line target is met, sluice pump joint operation [18] can
be further optimized in combination with flow velocity, water quality, and river network
connectivity requirements to improve hydrodynamic conditions in weak exchange reaches.
Finally, under continuous dry conditions or insufficient external inflow, priority should be
given to ecologically sensitive areas and weak response areas, and local engineering control
measures should be combined to improve replenishment effectiveness. This approach helps
shift replenishment from simple discharge supply toward integrated management of water
level targets, replenishment pathways, sluice pump regulation, and ecological responses.

At the same time, replenishment thresholds should not be understood as fixed single
operating values, but rather as management references under specific winter boundary con-
ditions, model scenarios, and ecological target constraints. In actual operation, upstream
water availability, downstream drainage conditions, regional flood control safety, water
quality improvement needs, and coordination among different water use sectors must also
be considered. For some reaches with weak responses to replenishment, simply increasing
total replenishment discharge may not substantially improve ecological water levels or
flow velocity conditions and may instead introduce local high water level risks. Water
level attainment does not imply water quality attainment. The effect of replenishment
depends on the quality of source water, background conditions in receiving reaches, resi-
dence time, and the operation of drainage outlets. Operational application should therefore
include source and receiving water monitoring and predefined water quality constraints
or suspension conditions. Therefore, subsequent engineering applications can build on
the threshold identification in this study to further investigate joint sluice pump opera-
tion, multi-inlet replenishment combinations, and coupled hydrodynamic water quality
optimization [32,33].

4.4. Method Uncertainty, Data Limitations, and Applicability

The proposed method still has certain uncertainties. First, hydrodynamic model re-
sults are affected by river network generalization, cross-section data accuracy, roughness
parameters, boundary conditions, and sluice pump operating rules. Plain river networks
contain many sluices and pumps with complex operating states. If fixed openings, typical
operating conditions, or simplified boundaries are adopted for some engineering nodes in
the model, the simulation results are more suitable for scenario comparison and response
trend identification than for direct interpretation as precise forecasts under arbitrary op-
erating conditions. Although spatial variability in Manning roughness was represented
using reach-specific coefficients, its possible temporal variation within and between winters
was not explicitly modeled because corresponding time-resolved observations of vege-
tation, sediment, and channel maintenance conditions were unavailable. Consequently,
the simulated water levels and derived replenishment thresholds remain conditional on
the calibrated winter roughness configuration. Second, the stage—flow response curves
were fitted under specified replenishment gradients and boundary conditions, and their
applicability is limited to the discharge range covered by the model scenarios. If operating
discharge exceeds this range, or if the replenishment proportion between Jiangdu and
Gaogang changes substantially, scenario simulations should be repeated, or the response
relationships should be revised. The estimated guarantee levels should be interpreted as
hydrological benchmarks conditional on the 20062021 regulated period, rather than as
permanent or biologically validated ecological thresholds. Their principal role is to support
comparative screening and operational scenario assessment.
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5. Conclusions
5.1. Main Findings

1. Under the specified winter boundaries and structure operation rules, the lowest
regional controlling replenishment requirement among the evaluated hydrological
benchmarks was 153.94 m3/s. This value was controlled by Tangzi Town Station under
the 7-day low water P90 benchmark. It should be interpreted as a scenario-specific wa-
ter allocation reference, not as a biologically validated minimum ecological discharge.

2. Under the simulated conditions, when the replenishment discharge is 218.46-232.92 m3/s,
the strictest method water level requirements can be satisfied at 7-8 of the 9 stations,
with the corresponding fitted guarantee rate decreasing from 30.00% to 23.87%. If
water level targets are required to be satisfied at all stations, the discharge must be
increased to 268.49 m3/s, corresponding to a guarantee rate of 12.06%.

3. Among the different hydrological water level methods, the 7-day low water frequency
P90 method has the lowest regional controlling discharge (153.94 m3/s) and the
highest guarantee rate at the control point (60.70%), making it more applicable from
the perspective of water saving and attainability.

4. The annual minimum monthly mean benchmark produced the largest regional re-
quirement (268.49 m3/s) among the methods evaluated. This result indicates the
highest water demand in the comparison; it does not by itself demonstrate a higher
level of ecological protection.

5.2. Upstream Replenishment Flow Thresholds and Management Recommendations

Based on different water level methods and station Q-H response relationships, winter
replenishment in the Lixiahe region can adopt graded threshold management. If water
saving and attainability are prioritized, 153.94 m3/s can be used as the reference threshold
for the regional minimum replenishment discharge. This threshold is controlled by Tangzi
Town Station under the 7-day low water frequency P90 method and corresponds to a fitted
guarantee rate of 60.70%. When the operation target is raised to strict water level protection
at most stations, the replenishment discharge needs to increase to 218.46-232.92 m3/s,
satisfying the strictest method targets at 7-8 of the 9 stations. If all control stations are
required to reach the strictest water level targets, the discharge must reach 268.49 m3/s.
This threshold is controlled by Funing Station under the annual minimum monthly mean
method and corresponds to a guarantee rate of only 12.06%; in practical application, it
should be evaluated comprehensively in relation to water source conditions, flood control
safety, and local high water level risks.

Therefore, in engineering operation, the replenishment threshold should not be in-
terpreted as a fixed single value. Instead, it should be dynamically selected among lower
bound protection, enhanced multi-station protection, and strict whole-region protection
according to water availability, ecological protection level, and the demands of key reaches.
For weak response stations such as Funing and Huangtugou, simply increasing total
replenishment discharge may have limited efficiency; future operation should improve
replenishment effectiveness by combining joint sluice pump regulation with optimization
of local replenishment pathways.

5.3. Future Research

Future research can proceed in three directions. First, aquatic biological, water quality,
and habitat monitoring data should be supplemented through field ecological sampling
and assessment [34,35], so that hydrological statistical ecological water levels can be cross-
validated against biological response thresholds [36,37] and the ecological interpretability
of water level targets can be improved [38]. Second, scenarios involving joint sluice pump
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operation, multi-inlet replenishment proportions, and downstream boundary variations
should be further refined to evaluate replenishment efficiency, local high water level risks,
and improvements in weak exchange reaches under different engineering combinations.
Third, model validation over longer periods and independent years should be conducted,
and uncertainty analysis should be performed for Pearson type III frequency fitting, Q-H
curve inversion, and missing data treatment, so as to provide confidence intervals and risk
boundaries for engineering application of ecological replenishment thresholds.
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