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Abstract

Yellow River irrigation districts must maintain food production under variable inflows,
rigid diversion quotas, sedimentation, groundwater depletion, and soil salinization. This
systematic review synthesized 79 journal articles from Web of Science and CNKI to clarify
how resilience can be assessed and managed at the irrigation-district scale. The evidence
indicates that resilience is a time-dependent combination of resistance, recovery, adapt-
ability, and transformability within a coupled water source—canal-field—-drainage—ecology—
institution system. Although composite indices and hydrological-crop models have ad-
vanced, three gaps remain: operational thresholds rarely connect indicators to failure and
recovery; farmer and institutional feedbacks are weakly represented; and assessments
seldom translate into executable schedules. We, therefore, propose an irrigation-district-
specific framework that couples water, sediment, salt, crops, ecology, and governance across
basin-district—field scales without transferring risk between scales. Management priorities
differ spatially: upstream districts require coordinated water—salt control; middle-reach
well—canal systems require surface-water substitution and groundwater recovery; and
downstream diversion districts require multi-source allocation and adaptive intake. A
digital twin-based closed loop—continuous monitoring, forecasting, optimization, oper-
ational commands, and feedback correction—can translate diagnosis into canal rotation,
recharge, drainage, and emergency actions. This review provides operational indicators
and a decision-oriented research agenda for resilient irrigation modernization.

Keywords: agricultural water management; resilience assessment; social-ecological
systems; Yellow River Basin; irrigation modernization; water—salt balance; digital twin;
climate adaptation

1. Introduction

The Yellow River Basin is a major ecological security barrier and grain-producing
region in China. National strategies for ecological protection and high-quality development,
together with the Yellow River Protection Law, require coordinated control of water with-
drawals, ecological protection, and socioeconomic development [1]. However, irrigation
districts face chronic resource and engineering scarcity, aging infrastructure, inefficient dis-
tribution, and fragmented management. Climate extremes and increasingly rigid diversion
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quotas can, therefore, propagate rapidly from basin inflow to canal supply, groundwater
use, crop production, and ecological return flows [2]. Improving agricultural water re-
source system resilience has consequently become central to reconciling food security with
ecological security.

Resilience theory offers a framework for understanding these interacting risks. Holling
defined ecological resilience as the magnitude of disturbance a system can absorb before
its structure and function change fundamentally [3]. The concept has since been adopted
across multiple disciplines, including water resources, urban resilience, and health system
research [4-6]. Subsequent work emphasized the capacity to maintain function, adapt,
and transform within social-ecological systems [7,8]. In water resources research, the
reliability-resiliency—vulnerability (R-R-V) framework established a quantitative basis for
evaluating failure, recovery, and severity [9,10]. Climate adaptation, water security, and
adaptive management have since broadened resilience research from recovery after a single
disturbance to performance under persistent and compound change [11-13].

Research in China has progressed from conceptual discussion to composite assess-
ment, process simulation, and regulation analysis. Recent studies have quantified exposure,
sensitivity, recovery speed, adaptive capacity, and governance response [14-16]. Yellow
River studies have also examined critical thresholds during extreme drought, the relation-
ship between agricultural water use efficiency and recovery capacity, and the evolution
of water-energy—food nexus resilience under policy and climate drivers [17-20]. These
advances support water allocation planning, water-right design, and the transition from a
static supply—demand balance toward dynamic safety boundary management.

However, most existing Yellow River assessments use basin- or provincial-scale
indicators, while broader reviews emphasize urban infrastructure or integrated water
systems [14-16,18]. They do not treat an irrigation district as an operational unit in which
basin quotas, headworks, sediment, canal conveyance, field irrigation, drainage, salinity,
farmer behavior, and ecological constraints interact. This review, therefore, contributes four
elements: (i) an explicit six-component system boundary; (ii) operational definitions for
resistance, recovery, adaptability, and transformability; (iii) a nested basin—district—field
synthesis of water-sediment-salt-crop—ecology-institution feedbacks; and (iv) a diagnosis-
to-scheduling pathway for executable regulation. Because study designs, outputs, and
metrics are heterogeneous, the review uses bibliometric and thematic synthesis rather than
statistical meta-analysis. Its objective is to identify robust mechanisms, evidence limitations,
and priority actions for resilient Yellow River irrigation district modernization.

2. Methodology
2.1. Review Design and Research Questions

This review combined a systematic search, bibliometric description, design-sensitive
critical appraisal, and thematic narrative synthesis. The protocol followed the reporting
logic of PRISMA 2020 [21], while bibliometric procedures followed Donthu et al. [22].
Prior basin-scale research identified substantial spatial differences in resilience levels,
barrier factors, and evolutionary pathways among provinces and autonomous regions
along the Yellow River [23], supporting a more operational synthesis at the irrigation
district scale. Three questions guided this review: (1) What system boundary and capacity
dimensions are appropriate for Yellow River irrigation districts? (2) How well do current
indicators, process models, and optimization methods represent drought, diversion quotas,
groundwater fluctuation, sediment, and water—salt imbalance? (3) How can assessment
results be converted into closed-loop operational decisions that protect food production,
water supply, and ecological baselines?
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2.2. Search Strategy and Eligibility Criteria

The Web of Science Core Collection and the CNKI core journal database were searched
from 1 January 2000 to 1 May 2026 (Table 1). Both searches were finalized on 1 May 2026,
before the initial manuscript submission; records indexed after that date were not eligible.
Table 1 reports the full search strings, document type and language rules, exclusions,
and the roles of the core and background corpora. The geographic terms intentionally
delimit the bibliometric corpus to Yellow River and arid-region applications. Foundational
international theories were retrieved separately through backward and forward citation
tracing and were used only for conceptual interpretation, not for bibliometric counts or

keyword network construction.

Table 1. Search strategy, eligibility criteria, corpus roles, and final record counts.

CNKI Core-Journal Database/Common Rule

Web of Science Core Collection

Item

1 January 2000-1 May 2026; Chinese. Both searches
finalized on 1 May 2026 before initial submission.

1 January 2000-1 May 2026; English

Coverage and language

Topic = (“water resources system” OR “irrigation
district” OR “agricultural water”) AND Topic =
(“resilience” OR “restorative capacity” OR “adaptive
capacity” OR “vulnerability”) AND Topic = (“Yellow
River” OR “arid region”)

TS = (“water resources system” OR
“agricultural water” OR “irrigation
district”) AND TS = (“resilience” OR
“robustness” OR “adaptive capacity” OR
“vulnerability”) AND TS = (“Yellow
River” OR “arid region”)

Exact search string

Core-journal articles and reviews; peer-reviewed
journal evidence relevant to water system resilience

Articles, reviews, and early-access articles

Eligible document types

Theses, doctoral dissertations, books, conference
materials, editorials, news items, and off-topic
records; no date extension

Conference materials, editorials, news
items, books, dissertations, and
off-topic records

Exclusions

Same role; n = 17. Final bilingual core corpus: n = 79

Bibliometric counts, keyword network,
and thematic synthesis; n = 62

Core-corpus role and count

Interpretive use only; excluded from the 79-record
bibliometric corpus

Backward /forward citation tracing of
foundational international sources

Background/theory corpus

The core corpus was restricted to peer-reviewed journal articles and reviews in English
or Chinese. Theses, dissertations, books, conference materials, editorials, news items, and
other grey literature were excluded to maintain a common publication-quality thresh-
old. This rule improves comparability but may omit locally detailed engineering and
institutional evidence; the resulting scope is, therefore, treated explicitly as a limitation.

2.3. Screening and Corpus Construction

The database searches identified 99 records: 62 from Web of Science and 37 from
CNKI. Title, DOI, and author-year checks found no complete duplicates. Document-type
screening excluded 20 CNKI records (13 master’s theses, 4 doctoral dissertations, and
3 books). The remaining 79 journal articles underwent title/abstract and full-text eligibility
assessment; no further exclusions were required. The final corpus, therefore, comprised
62 English-language and 17 Chinese-language articles (Figure 1).

The evidence base is modest and language-skewed: English articles account for 78.5%
(62/79) and retained Chinese articles for 21.5% (17/79). Although 37 CNKI records were
identified, only 17 met the journal-only rule. Excluding theses, dissertations, technical
reports, and other grey literature may underrepresent field-level engineering experience,
local governance innovations, and negative results. Accordingly, conclusions are framed
as evidence-informed propositions that require local validation rather than as exhaustive
estimates of all Yellow River irrigation district practice.
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Identification

Eligibility

Records identified from Records identified from
Web of Science Core Collection CNKI core-journal database
(n =62) (n = 37)

\ /

Records identified in total
(n =99)

v

Records after duplicate check
(n = 99; duplicates = 0)

v

Records excluded

(n =20)
Records screened by document type N Master's theses (n = 13)
(n=99) Doctoral dissertations (n = 4)
Books (n = 3)

v

Journal articles assessed for "
title/abstract and full-text eligibility Furthe(;ez«z)l;ismns
(n=79) -

v

Core journal articles included in
bibliometric and thematic synthesis

(n =79)
English-language articles Chinese-language articles
(n=62) (nE=R17)

Figure 1. PRISMA-style flow diagram for identification, screening, eligibility assessment, and
inclusion. Both databases were last searched on 1 May 2026, before the initial manuscript submission.
No records were excluded after document-type screening.

2.4. Critical Appraisal and Evidence Weighting

Because the corpus includes conceptual papers, observational assessments, process
model studies, optimization studies, and reviews, a single-effect study risk-of-bias tool
would be inappropriate. We, therefore, used a design-sensitive appraisal informed by JBI
critical appraisal principles [24]. Each study was examined for topical relevance, design
and data transparency, calibration or external validation where applicable, uncertainty
or sensitivity analysis, and reproducibility /transferability (Table 2). Evidence with trans-
parent data and validated methods was given greater interpretive weight for operational
claims. Conceptual studies and unvalidated case models were retained for theory devel-
opment or hypothesis generation but were not treated as equivalent proof of intervention
effectiveness. No pooled effect size was calculated because outcomes, scales, and designs
were not commensurable.
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Table 2. Design-sensitive critical appraisal domains and evidence-weighting rules used in the
synthesis.

Limitation Signal and Use
in Synthesis

Higher-Certainty Evidence

What Was Examined

Appraisal Domain

Ambiguous object or resilience

equated with efficiency; used only

as contextual evidence

Explicit irrigation /water
system boundary and
disturbance—function link

System object, disturbance,
valued function, and
management objective

Relevance and boundary

Opaque data, unexplained
weighting, or selective reporting
weakens descriptive and
causal claims

Traceable data, justified
indicators, and clear
temporal/spatial scale

Sampling, indicators, data
sources, scale, and
analytical steps

Design and data
transparency

No validation or in-sample fit
only; not used alone for strong
operational recommendations

Calibration plus independent,
temporal, spatial, or
cross-case validation

Testing against observations
or independent evidence

Calibration and validation

Single deterministic result;
thresholds and projected benefits

Sensitivity /uncertainty
analysis with

Parameter, scenario,
structural, and

Uncertainty and

treated cautiously alternative scenarios stakeholder uncertainty sensitivity
Insuff1c1er.1t d?taﬂ or unqua.h.ﬁed Methods reproducible and .Avallabﬂlty of Reproducibility and
generalization; case-specific o " equations/parameters and 7
boundary conditions specified transferability

insight only

transfer conditions

Higher: operational synthesis;
moderate: contextual inference;
lower/contextual:

Multiple domains satisfied,
including validation for

Evidentiary role assigned
across the five domains

Overall weighting rule

hypothesis generation model-based claims

2.5. Bibliometric and Thematic Synthesis

CiteSpace (version 7.0.0), VOSviewer (version 1.6.21), and the R bibliometrix/Biblioshiny
(version 5.4.1) toolkit were used to standardize record fields, inspect duplicates, merge
synonymous keywords, and summarize annual publication patterns. Terms such as “wa-
ter resources resilience,” “WRSR,” and “water resource system resilience” were consol-
idated. Thematic synthesis then compared mechanisms, indicators, models, thresholds,
and governance recommendations across the appraised evidence. Only the 79-record core
corpus contributed to the quantitative and keyword analyses; the background corpus
supported interpretation.

The annual distribution shows three stages: inception (2000-2005), fluctuating growth
(2006-2017), and rapid growth (2018-2026). Table 3 adds representative studies and em-
phases to the verified publication counts.

Table 3. Annual publication volume, sample share, research emphasis, and representative studies in
the core corpus.

Representative . Period and
Studies Research Emphasis Core-Sample Share Publication Count Development Stage
R-R-V concepts, allocation, 2000-2005; 1 = 1; .
[25,26] and water 1.27% . Inception
0.17 article/year
management reform
Climate adaptation, water e
[13,27-31] security, governance, and 18.99% 2006_20.17’ n=15 Fluctuating growth
. . e 1.25 articles/year
social-ecological resilience
Nexus resilience, extreme
drought regulation, o al
[17-20,32-38] water—salt coupling, 79.75% 2018-2026; n = 63; Rapid growth

digitalization, and 7.00 articles/ year

dynamic assessment
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The rapid-growth stage contains 63 of 79 articles (79.75%), whereas the first two stages
contain only 16 articles (20.25%). This concentration indicates a young and fast-expanding
field rather than a mature, evenly distributed evidence base. Affiliation—country and
institution fields were not harmonized consistently across the bilingual record set; therefore,
country or institution rankings were not reported because they could not be reproduced
reliably. Future updates should retain and standardize affiliation metadata prospectively.

VOSviewer was used to visualize co-occurring standardized keywords at a minimum
occurrence threshold of 10 (Figure 2). The software-generated colors identify network
clusters; the four domains described here are higher-level thematic syntheses rather than
a claim that the image contains exactly four colors. The domains are (1) assessment and
vulnerability; (2) climate extremes, allocation, and ecological flow constraints; (3) irrigation
district groundwater and water—salt processes; and (4) water-energy—food interactions,
efficiency, and adaptive governance. Together, they show a shift from macro-scale index
construction toward coupled biophysical and institutional regulation.
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. _evapotranspfration climate
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dataset N4 “" pa expIGIBLION 5oricultural water resources
aifala irrigation ot 5
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Figure 2. Keyword co-occurrence network generated with VOSviewer for the 79-record core corpus.
Node size represents keyword occurrence weight; links indicate co-occurrence, and thicker links repre-
sent stronger co-occurrence. Shorter distances indicate greater relatedness. Colors denote VOSviewer
clusters. The principal synthesized domains concern assessment/vulnerability, climate and allocation
constraints, groundwater and water-salt processes, and water-energy—food governance.

3. Conceptual Boundaries and Capacity Dimensions of Water Resources
System Resilience in Irrigation Districts

Resilience in a Yellow River irrigation district is not a simple downscaling of basin
resilience. The district is an operational social-ecological-engineering unit in which
headworks, canals, fields, drains, groundwater, ecosystems, managers, and farmers
interact [39-41]. Water resilience research, therefore, requires an explicit system object,
disturbance, valued function, and management objective [42]. For irrigated agriculture, the
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objective is not only higher water productivity; it is the capacity to sustain or restore food
production and ecological baselines under drought, flood, infrastructure failure, salinity,
and institutional change [43-45].

In this review, an agricultural water resource system comprises six coupled compo-
nents: water source supply, canal conveyance and distribution, field-level use, drainage
and salt removal, ecological feedback, and institutional regulation. Sediment is treated as
a cross-cutting process that affects intake reliability, canal capacity, drainage, and main-
tenance. Resilience is the time-dependent capacity of this system to absorb compound
disturbances, maintain minimum food and ecological functions, restore damaged services,
adapt operations and behavior, and transform structures or institutions when the existing
pathway becomes untenable.

The framework distinguishes four capacities. Resistance is the ability to limit per-
formance loss during a disturbance. Recovery is the rate and completeness with which
critical functions return to an acceptable state. Adaptability is the ability to adjust op-
erating rules, technologies, crop choices, and institutions while retaining the system’s
core identity. Transformability is the ability to reconfigure infrastructure, resource portfo-
lios, or governance when incremental adaptation can no longer maintain a safe operating
space [10,17,27,32,46-49]. These capacities are related but not interchangeable; a district
may resist a short drought yet remain unable to adapt to persistent quota tightening.

Table 4 translates the four capacities into measurable indicators. The indicators are a
harmonization framework, not a universally validated composite index. Their thresholds,
directions, and weights must be calibrated to crop calendars, infrastructure standards,
groundwater conditions, salinity risks, and stakeholder priorities in each district.

Table 4. Illustrative operational indicators for the four resilience capacities in Yellow River irriga-
tion districts.

Yellow River

. Illustrative Indicators, Units, and Data Operational Definition Capacity
Application Example
Supply reliability (% satisfied periods);
Adaptive intake and critical-stage deficit (%); canal/drain
multi-source allocation in availability (% functional hours); and Limits functional loss while a .
. . o . . o . . . Resistance
lower-reach diversion districts  ecological flow compliance (% days). Data: disturbance is active
during low flow gate/SCADA records, crop demand,
inspections, and flow gauges.
Time to restore supply (days); recovery
Canal desilting and repair, slope (_p erff))rmance points/day); repair . .
completion (%); and days for groundwater Restores critical functions
emergency recharge, and .. Recovery
. . or root-zone salinity to return to target. after damage
leaching after drought or failure . .o,
Data: maintenance, water level, salinity,
and remote-sensing records.
Flexible allocation share (%); metered area
Surface water substitution and (%); crop pattern change (% area); surface . .
. . AN Adjusts operations,
elastic groundwater use in water substitution (%); and rule . -
. . technology, behavior, and Adaptability
middle-reach updates/year. Data: allocation plans, .
rules under persistent change
well—canal systems meters, crop maps, well records, and
institutional documents.
Reconfigured infrastructure (% capacity);
Integrated water saving, non-conventional water share (%); digital Reconfigures structure or
drainage, salt control, and control coverage (% nodes); institutional governance when the -
Transformability

digital twin modernization in
Hetao/Qingtongxia

redesign; and threshold exceedance
frequency. Data: project, water account,
platform, and policy records.

previous pathway
is unsustainable
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The system is nested across basin, irrigation district, and field scales [50]. Basin inflow,
reservoir operation, ecological flow requirements, and allocation quotas define the district’s
external water boundary [51,52]. District-scale canal capacity, gate and pump control,
drainage condition, metering, and water-right implementation determine distribution
reliability and equity [53,54]. Field-scale soil water and salt, evapotranspiration, irrigation
equipment, crop choice, and farmer decisions determine yield, consumptive use, and return-
flow quality [55,56]. Physical flows, sediment and salt transport, policy transmission, and
behavioral responses connect these scales; performance at one scale must, therefore, not be
improved by transferring risk to another.

4. Research Methods for Irrigation District Water Resource
System Resilience

4.1. Theoretical Methods

Theoretical approaches are moving from single-discipline analysis toward coupled-
system explanations. Complex network theory identifies nodes, weighted links, critical
pathways, and cascading failure risks among headworks, canals, drains, groundwater,
crop stages, and institutions [28,33,57]. It also supports analysis of multi-actor governance
among irrigation managers, farmers, water user associations, local governments, and
ecological regulators, whose decisions affect water pricing, pumping, crop choice, and
return flows [25,58,59]. Foundational sources used in this interpretation were retrieved
through citation tracing and are not counted in the 79-record bibliometric corpus.

Adaptive cycle and panarchy theories describe nonlinear phases of exploitation, conser-
vation, release, and reorganization and help identify when a district may cross a threshold
into structural change [29,30]. They are especially relevant where biophysical processes
and governance feedbacks create multiple stable states. However, ecological theory alone
does not specify irrigation operating rules, engineering constraints, or farmer responses, so
it must be connected to process models and institutional analysis.

A purpose-built irrigation district resilience theory should include the following: (i) an
explicit six-component boundary and disturbance typology; (ii) the four time-dependent
capacities; (iii) nested basin-district—field interactions; (iv) coupled water-sediment-salt—
crop—ecology processes; (v) multi-actor behavioral and institutional feedbacks; (vi) thresh-
olds, safe operating spaces, and regime shifts; (vii) food, equity, and ecological constraints;
and (viii) a direct link from diagnosis to executable control. In this review, “multi-scale
resilience symbiosis” means coordinated resilience across nested scales without transferring
risk; for example, meeting a basin withdrawal quota must not be achieved by causing
field-scale salt accumulation, aquifer depletion, or unacceptable yield loss. This definition
converts a broad ecological metaphor into a testable cross-scale requirement.

4.2. Model Methods

Models provide complementary representations of hydrology, engineering, crops, and
institutions (Table 5). WEAP is suited to demand-driven allocation, scenario comparison,
and scheduling priorities [26]. Coupling WEAP with MODFLOW can represent how surface
water allocation affects groundwater heads and storage, while climate scenarios should
test temperature, precipitation, drought duration, and evapotranspiration uncertainty [60].
Model selection must follow the decision question and spatial-temporal scale rather than
assuming that one model captures all resilience capacities.

AquaCrop simulates crop biomass and yield responses to water supply and stress
at the field scale [61]. SWAT represents rainfall-runoff, land use, and basin hydrological
processes [62]. MODFLOW is a groundwater-flow model for aquifer heads, storage, pump-
ing, and surface water—groundwater interaction [63]; it does not simulate grain yield by
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itself. The study cited in reference [64] estimated irrigation demand and grain yield with
AquaCrop-OS, not MODFLOW. Yield or food security assessment, therefore, requires a
crop, statistical, or agro-economic model coupled to groundwater outputs.

Positive mathematical programming (PMP) calibrates production behavior and can
test how water prices, rights, quotas, and subsidies affect crop choice [65]. Multi-objective
optimization can then balance water, land, farm income, energy, food, and ecological
constraints [66,67]. These economic tools should be coupled with hydrological and crop
models when policy responses alter pumping, canal demand, or return flows.

Table 5. Principal models for irrigation district resilience assessment, appropriate outputs, and

coupling requirements.

Appropriate Resilience

Model Type and Principal Outputs Use/Limitation Refs.
Allocation/planning: multi-source ~ Basin/district planning and drought
WEAP supply—demand balance, priorities, scheduling; coupling is needed for ~ [26,34]
and scenarios groundwater heads and crop yield
Groundwater flow: heads, storage, Conjunctive use and over-extraction
MODFLOW pumping effects, and surface analysis; does not simulate crop [34,63]
water-groundwater exchange yield independently
Distributed hydrology: Provides catchr.n.ent / la.rg?—dlst'rlct
. ; boundary conditions; limited field
SWAT rainfall-runoff, sediment, land-use, e . [62]
. and institutional detail
and basin response . .
without coupling
Crop water productivity: biomass, Field irrigation and food security
AquaCrop/AquaCrop-OS yield, evapotranspiration, and analysis; requires hydrological inputs  [61,64]
water stress for groundwater feedbacks
Economic behavior: calibrated crop ~ Tests water price, rights, quotas, and
PMP choice, production, and subsidies; requires [65]
policy response biophysical constraints
Multi-objective Trade-off solutions for water, land, Dec151qn suppmft .under m.ultl.ple
constraints; sensitive to objectives, [66,67]

optimization

food, income, energy, and ecology weights, and uncertainty

The main methodological gap is not a lack of models but weak coupling, valida-
tion, and uncertainty propagation. Future model chains should follow a mechanism—
parameter—validation sequence; represent basin, district, and field feedbacks; and report
how parameter, scenario, structural, and behavioral uncertainty affects resistance, recovery,
adaptation, and transformation estimates. Artificial intelligence and digital twins can
support emulation and real-time updating, but they should not replace physical constraints
or independent validation.

5. Resilience Assessment of Water Resource Systems in Yellow River
Irrigation Districts

Irrigation district assessment has moved from pressure-state-response (PSR) and
driver—pressure—state-impact-response (DPSIR) structures toward capacity-based and
social-ecological-engineering frameworks [31,68-71]. PSR/DPSIR organizes causal chains;
DEA-Malmgquist identifies changes in production efficiency and technology [69]; and capac-
ity frameworks describe performance during and after disturbance. Neither is sufficient by
itself. A district-scale assessment should include intake reliability, canal sedimentation, safe
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groundwater depth, drainage and salt removal efficiency, root-zone salinity, return-flow
quality, water-right flexibility, metering, and farmer response.
Three broad indicator families are evident in the literature:

(1) PSR/DPSIR systems link socioeconomic drivers, water-use pressure, hydrological
and ecological state, functional impacts, and policy responses [2,31]. Their strength
is causal organization; their limitation is that annual composite scores may conceal
failure timing and recovery dynamics.

(2) Capacity-based systems extend R-R-V concepts to resistance, recovery, adaptability,
and transformability [10,33]. Their strength is explicit disturbance performance; their
limitation is inconsistent operational definitions and thresholds across studies. Table 4
provides a harmonized starting point.

(3) Social-ecological-engineering systems integrate water, economy, ecology, insti-
tutions, and infrastructure [70,71]. They improve boundary completeness but
can become highly aggregated, weight-sensitive, and difficult to translate into

operational commands.

Most assessments still use annual statistics, combined subjective—objective weights,
multi-criteria analysis, or barrier models. These methods support regional comparison but
do not identify when to trigger emergency allocation, how much minimum irrigation or
leaching water is required, or when pumping must stop [72]. Dynamic assessment should,
therefore, define observable thresholds for minimum crop-stage supply, root-zone salinity,
safe groundwater depth, drainage discharge, canal conveyance capacity, ecological flow,
and sediment deposition. Thresholds should be tested in compound events and linked to
predefined actions.

Dominant risks vary both among and within Yellow River reaches. Table 6 is, therefore,
an illustrative typology based on representative cases, not an exhaustive classification. Each
risk chain and intervention requires local data, stakeholder review, and threshold calibration
before implementation.

Table 6. Illustrative resilience risk typology, transmission chains, and differentiated governance
options for representative Yellow River irrigation districts.

District Type and
Representative Cases

Differentiated Governance
Options

Core Risk and Illustrative

.. . Refs.
Transmission Chain

Upper-reach arid /semi-arid:
Hetao and Qingtongxia

Coordinate irrigation, drainage,
and salt control; protect minimum
leaching and ecological water; and
combine precision irrigation with

suitable drainage

Rigid diversion constraint —
insufficient leaching/groundwater
change — root-zone salinity —
yield and wetland impacts

[35,47,53-56,73]

Middle-reach conjunctive
well—canal:

Substitute surface water; use

Surface-water shortage — chronic safe-threshold flexible pumping;

emergency pumping — aquifer

Guanzhong/Jinghuiqu and decline — energy-cost and cif)d;ézgr;n'loﬁ: p:;}ll?ejzlzcwl}visl{s [17,19,34,41,72]
Fen—Wei systems ecological-flow losses ps; ) Y
and canals
Low flow, quota restriction, or Use adaptive headworks intake,
Lower-reach diversion: Henan sedimentation — intake/allocation multi-source allocation, .sedlment
management, rotational [17,36,45,46,51,52]

and Shandong districts

shortfall — reduced irrigation
reliability — food production risk

scheduling, and suitable
reclaimed /local water

Note: The cases and strategies synthesize representative evidence. Risk intensity and intervention ef-
fectiveness vary within each reach; the table should not substitute for district-specific hydrogeological,
salinity, infrastructure, economic, or governance assessment.
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6. Strategies for Enhancing Water Resource System Resilience in Yellow
River Irrigation Districts

6.1. Coordinated Regulation Strategies for Engineering and Management

Enhancing resilience requires coordinated engineering, operational, and institutional
measures. Single-purpose water-saving projects may create new risks if they reduce
leaching, increase energy use, or shift shortages to vulnerable farmers. The following strate-
gies, therefore, pair physical interventions with operating rules, monitoring, incentives,
and safeguards.

(1) Coordinate irrigation, drainage, and water—salt control. In arid upper and middle
reaches, excessive diversion reduction can lower leaching and trigger secondary
salinization. Water saving should, therefore, be evaluated jointly with drainage perfor-
mance, soil salinity, crop returns, and ecological requirements [35,73]. Priority actions
include maintaining backbone drains, using subsurface drainage where appropriate,
monitoring root-zone salinity and groundwater depth, and defining a minimum
leaching requirement. Irrigation quotas should protect long-term soil productivity
rather than maximize short-term diversion reduction.

(2) Combine multi-source substitution with flexible groundwater use. Where seasonal
drought coexists with groundwater depletion, a permanent pumping ban can reduce
short-term resistance, whereas unrestricted pumping destroys long-term resilience.
Districts should improve surface-water conveyance and storage, capture suitable wet-
season water for recharge, and incorporate Yellow River water, local surface water,
reclaimed water, and groundwater into one allocation plan. Emergency pumping
should be allowed only within monitored safe-depth and recovery thresholds, so
groundwater functions as a drought reserve rather than a routine supply [36].

(3) Link infrastructure modernization to precision operation. Canal lining, sediment
management, gate and pump automation, drainage rehabilitation, and reliable volu-
metric metering improve resistance and recovery only when matched by maintenance
and scheduling. IoT and SCADA data should support crop-demand-based rotational
irrigation, transparent volumetric charging, and contingency plans. Engineering
upgrades and operating rules should be evaluated together to avoid creating unused
digital or hydraulic capacity.

6.2. Governance Strategies Combining Rigid Constraints and Flexible Regulation

Governance should combine rigid safeguards with flexible incentives. Water-right
confirmation, total-use control, quota limits, ecological-flow requirements, and metering
establish non-negotiable boundaries. Tiered agricultural water pricing, local water-right
exchange, benefit sharing, disaster insurance, and participatory scheduling provide room to
adapt within those boundaries. Institutional trust and risk sharing are important for climate
resilience [74]. A collaborative network among government, district managers, water-user
associations, farmers, and ecological regulators is, therefore, preferable to water-saving
mandates alone.

6.3. Closed-Loop Regulation Strategies Supported by Digital Twin Technology

“Digital twin-based closed-loop regulation” is defined here as a continuously updated
virtual representation that links monitoring, state estimation, forecasting, optimization,
operational commands, and feedback correction. It should move management from post-
event assessment to an iterative cycle of early warning, online diagnosis, scheduling,
execution, and performance verification. The engineering foundation includes reliable
canals, pumps, gates, meters, and drains [37,38]. The information layer integrates satellite
and UAV observations, soil moisture and salinity sensors, groundwater monitoring, and
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pump-and-gate SCADA. Physical models and optimization algorithms then generate
constrained actions for multi-source allocation, canal rotation, recharge, drainage, salt
removal, and gate control. Human authorization, fallback rules, cyber/data quality checks,
and post-action evaluation remain essential.

7. Conclusions and Prospects
7.1. Conclusions

(1) Yellow River irrigation districts are nested basin—district—field systems. Their re-
silience depends on a six-component boundary—water source supply, canal con-
veyance and distribution, field-level use, drainage and salt removal, ecological feed-
back, and institutional regulation—and on cross-cutting sediment, groundwater, crop,
and behavioral processes. Resilience should, therefore, be distinguished from static
efficiency or supply—demand balance.

(2) Existing research provides useful complex-network, adaptive-cycle, index, hydrolog-
ical, crop, economic, and optimization methods. However, operational definitions,
validation, uncertainty analysis, and cross-scale coupling remain inconsistent. MOD-
FLOW should be used for groundwater dynamics, while yield and food-security
outputs require crop or agro-economic models.

(38) Four capacities—resistance, recovery, adaptability, and transformability—should be
measured separately and linked to disturbance-specific thresholds. The illustrative
indicators in Table 4 provide a basis for comparing performance while preserving
local calibration.

(4) Management priorities are geographically differentiated. Upstream districts require
coordinated water-salt-ecology control; middle-reach well-canal systems require
surface-water substitution and groundwater recovery; and lower-reach diversion
districts require multi-source allocation, adaptive intake, and sediment manage-
ment. Across all reaches, assessment must be translated into executable schedules
and feedback.

7.2. Prospects
This review identifies four persistent research gaps:

(1) Conceptual ambiguity: efficiency, carrying capacity, and supply—demand balance
are sometimes treated as resilience, even when water saving reduces leaching and
increases salinity risk.

(2) Indicator homogenization: provincial or urban indicators often omit intake reliability,
sediment, safe groundwater depth, drainage, root-zone salinity, return-flow quality,
water-right flexibility, and farmer response.

(38) Static diagnosis: annual indices rarely identify disturbance-specific failure thresholds,
recovery trajectories, cascading mechanisms, or uncertainty.

(4) Implementation gap: resilience scores and barrier rankings are seldom translated
into canal rotation plans, pumping limits, recharge programs, leaching requirements,
sediment operations, water-right rules, or emergency actions.

This review also has important limitations. The 79-record core corpus is small, recent,
and language-skewed; the geographic search terms exclude broader international appli-
cations from the bibliometric counts; and the journal-only rule omits theses, reports, and
other grey literature that may contain detailed Chinese engineering and institutional evi-
dence. Heterogeneous outcomes precluded meta-analysis, and incomplete harmonization
of affiliation fields precluded reproducible country or institution rankings. The proposed
indicators, typology, and evidence-weighting framework should, therefore, be tested with
district-level data and stakeholder input. Future reviews should expand multilingual
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databases, include a separately appraised grey-literature stream, preregister extraction and
appraisal procedures, and preserve article-level quality and affiliation metadata.

Future research should pursue three connected directions. First, it should test a
purpose-built theory of multi-scale resilience symbiosis—coordinated basin-district-field
performance without transferring risk across scales—using explicit food, equity, ecological,
and safe-groundwater constraints. Second, it should couple WEAP, MODFLOW, AquaCrop,
SWAT, PMP, and agent-based models only where their boundaries and data support the
decision problem, with calibration, independent validation, and uncertainty propagation.
Third, it should develop digital twin closed loops that connect monitoring and forecasts to
authorized operational commands and feedback correction. The practical test of progress is
whether research can reliably convert thresholds and scenarios into canal rotation, recharge,
drainage, salt-control, sediment-management, water-right, and emergency plans under
compound climate and policy uncertainty.
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