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ABSTRACT

Agro-urban watersheds combine intensive agriculture, expanding settlements, and modified drainage
networks that jointly accelerate nutrient, sediment, and thermal pressures on streams. Riparian buffers are
widely promoted as nature-based infrastructure to intercept these pressures, yet reported effectiveness varies
because pollutant delivery is mediated by hydrologic and ecological connectivity. This systematic review
synthesizes international evidence on how riparian buffer attributes (width, vegetation structure, and
integrity) interact with land-use gradients and connectivity metrics to influence water-quality indicators
(chemical, physical, thermal, and biological). The synthesis shows consistent degradation of water quality with
increasing land-use intensity, but with strong context dependence driven by scale, storm routing, and pathway
bypass. Buffers most reliably reduce pollutants when dominant surface and shallow subsurface flowpaths
intersect buffer soils; uniform width prescriptions are therefore insufficient without connectivity diagnostics
and input-load context. We further find growing use of graph-based and hydrologic connectivity measures to
prioritize riparian corridors and identify hotspots where restoration can yield the highest water-quality
returns. The review concludes with connectivity-informed design and planning implications to support
water-quality protection in agro-urban watersheds.
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1. INTRODUCTION

Agro-urban watersheds are socio-ecological systems where intensive agriculture coexists
with expanding urban and peri-urban development. Across such gradients, land-use change alters
runoff generation and sediment transport, reshapes channel form, and increases pollutant delivery
to streams and rivers [1], [4]. Urbanization increases impervious cover and engineered drainage,
which can rapidly connect pollutants and runoff to channels and elevate event-driven loads [2], [3],
[8]. Agricultural land use can sustain chronic nutrient and sediment inputs and interact with urban
stressors to produce complex, spatially heterogeneous water-quality responses [5], [6], [11], [12].

Riparian buffers—vegetated strips adjacent to streams—are widely promoted as
nature-based solutions and best management practices for mitigating these pressures. Riparian
vegetation can intercept overland flow, reduce bank erosion, provide shade, and support habitat,
with potential co-benefits for flood attenuation and biodiversity [13], [16]. Yet, buffer performance
is context-dependent. In mixed land-use settings, effectiveness is influenced by pollutant source
strength, soil and topographic controls on flow paths, and the continuity of vegetated corridors along
stream networks [1], [11], [13]. As a result, simple prescriptions (e.g., “set width to X meters”) may
be insufficient unless they are coupled to connectivity-aware planning and upstream source
management.

Connectivity concepts provide a useful lens to link riparian structure to function. Structural
connectivity describes the continuity and fragmentation of riparian vegetation along the river

network, whereas functional connectivity reflects the realized movement of water and materials
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along flow paths and during hydrologic events [17], [18]. Hillslope-riparian—channel connectivity
can vary strongly with contributing area, antecedent moisture, and storm characteristics, influencing
when pollutants bypass buffers or are intercepted and retained [23],[26]. In agro-urban basins,
engineered features (storm drains, ditches, culverts) can further modify functional connectivity and
create rapid pathways that reduce buffer effectiveness during critical events [2], [3], [22].

Although many case studies and models have examined riparian buffers or land-use
impacts on water quality, evidence remains dispersed across disciplines and methods. This
systematic review synthesizes research on riparian buffer delineation, connectivity representation,
and water-quality outcomes in agro-urban watersheds to distill policy-relevant thresholds and
research gaps. The review addresses four questions: (1) How are riparian buffers characterized and
mapped along agro-urban land-use gradients? (2) Which structural and functional connectivity
metrics are used to represent riparian corridors and pollutant pathways? (3) What relationships are
reported between riparian attributes (width, vegetation, connectivity) and water-quality indicators?
(4) Which thresholds and scenario insights are most relevant for riparian planning and governance

in agro-urban settings?

2. LITERATURE REVIEW

2.1 Riparian Buffers as Multifunctional Interfaces

Riparian zones are transitional areas shaped by hydrologic influence,
geomorphology, and characteristic vegetation. Operationally, riparian buffers are
commonly defined as managed strips intended to protect water quality and deliver
additional ecosystem services [13], [15]. Classic and contemporary evidence suggests
that vegetated buffers can reduce sediment delivery and influence nutrient dynamics,
particularly where shallow overland flow and bank erosion are important pathways
[14], [15]. In agro-urban watersheds, buffers also serve as ecological corridors embedded
in fragmented landscapes and thus support multiple objectives beyond water quality,
including habitat and temperature regulation [1], [16].

Because riparian buffers provide multiple functions simultaneously, their design
involves trade-offs. Wider or more complex buffers can enhance multiple services, but
may require land conversion and long-term maintenance, raising feasibility constraints
in densely settled or high-value agricultural areas. These practical trade-offs motivate a
shift from “one-size-fits-all” prescriptions to context-sensitive designs that are explicitly
linked to expected pollutant sources and transport pathways [13], [40].

2.2 Connectivity Concepts in Riverine Landscapes

Connectivity links riparian pattern to riparian process. In landscape ecology,
structural connectivity is often quantified with patch- and corridor-based measures (e.g.,
gap distances, cohesion, corridor continuity), while functional connectivity reflects
realized movement of organisms and flows through the landscape [17], [18]. For riverine
systems, connectivity is mediated by stream-network topology and by hillslope-
riparian—channel linkages that activate during storms or wet periods [19],[22].
Hydrologic connectivity research emphasizes that the timing and spatial extent of
connected source areas can shift rapidly, leading to episodic pollutant delivery and

variable buffer performance across events [23],[26].
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For riparian planning, this implies that structural continuity (a visually continuous
green corridor) is helpful but not sufficient. Functional connectivity depends on whether
the corridor intersects dominant flow paths and whether it is bypassed by engineered
drainage. Integrating structural and functional perspectives is therefore critical for
predicting water-quality outcomes and for prioritizing restoration where it will reduce
pollutant delivery most effectively [20], [27], [40].

2.3 Land-use Gradients and Trade-offs in Agro—Urban Riparian Management

Along agro-urban gradients, riparian buffers must be evaluated within broader
watershed context. Urban growth can increase flashiness and pollutant pulses,
sometimes overwhelming local buffer capacity, particularly when stormwater outfalls
and ditches create direct connections to channels [2], [3], [8]. Agricultural areas can
sustain chronic nutrient inputs, with riparian effectiveness varying by soil, slope, and
land management [5], [6], [11]. Recent work on watershed change highlights the
importance of coupling riparian actions to broader watershed management (e.g.,
stormwater controls, nutrient management) to avoid shifting problems downstream [7],
[34].

Policy and planning thus face practical dilemmas: setting wide buffer targets can
conflict with productive land use, but narrow buffers may fail under high loads or steep
terrain. Evidence-informed thresholds and scenario analyses are increasingly used to
negotiate these trade-offs and to support adaptive, priority-based riparian
implementation [40], [47], [48], [54].

3. METHODS

3.1 Literature Search Strategy

Searches targeted peer-reviewed studies that linked riparian buffers (or corridors),
connectivity, and measurable water-quality outcomes in watersheds with both agricultural and
urban land uses. Searches were conducted in Scopus and Web of Science and complemented with
citation tracking consistent with prior environmental SLR practice [29], [30]. Google Scholar was
used selectively to support forward and backward citation checks. The core temporal window
focused on 20002024 to reflect increased availability of high-resolution land-cover data and the
proliferation of watershed and ecosystem-service models [33].

A representative search string was:

("riparian buffer*” OR “riparian zone*” OR "riparian corridor*”) AND ("water quality” OR
nutrient® OR sediment* OR contaminant™ OR pollutant®) AND (agricultur* OR cropland OR urban* OR
"agro-urban”) AND (watershed OR catchment)

3.2 Eligibility Criteria and Screening

Studies were included if they (a) analyzed watersheds containing both agricultural and
urban (or peri-urban/suburban) land uses, (b) delineated or analyzed riparian areas explicitly, (c)
quantified riparian structure and/or connectivity and related these to measurable water-quality
indicators, and (d) provided empirical, modeling, or scenario-based evidence [29], [30]. Studies
focused solely on pristine or purely urban basins, laboratory-only experiments without watershed
linkage, or articles lacking measurable water-quality indicators were excluded [30], [33].

Screening proceeded in stages: duplicate removal, title/abstract screening, and full-text
assessment. Disagreements were resolved by discussion and by applying the eligibility criteria
consistently, following common practice in environmental reviews [29], [30]. The final dataset was
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synthesized qualitatively; a quantitative meta-analysis was not attempted due to heterogeneity in
indicators, spatial units, and study designs [29], [30].
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3.3 Quality Appraisal and Thematic Synthesis

Study quality was appraised using criteria commonly applied in watershed modeling and
environmental assessment, focusing on internal validity, data resolution, transparency, uncertainty
reporting, and relevance to review questions [31], [32]. Evidence was then organized into four
themes aligned with the review questions: (i) riparian delineation and mapping, (ii) connectivity
metrics and models, (iii) riparian attributes and water-quality outcomes, and (iv) thresholds,
scenarios, and policy insights. Findings were synthesized narratively and summarized in condensed
tables to fit a maximum manuscript length.

4. RESULTS AND DISCUSSION

4.1 Characterization and Mapping of Riparian Buffers

How a “buffer” is delineated can materially affect inferred relationships with water quality.
Many studies use fixed-width buffers because they are easy to implement in GIS, facilitate
comparison across sites, and align with regulatory language [13], [45]. However, fixed widths can
misrepresent functional pathways in heterogeneous terrain or in agro-urban settings where
engineered drainage modifies routing and creates rapid bypass connections [2], [3], [22].
Process-sensitive approaches incorporate topographic context (e.g., contributing area) or
model-linked representations to better approximate where runoff and shallow subsurface flow
interact with riparian vegetation [23],[26], [32], [33].
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Table 1. Summarized Approaches to Riparian Buffer Delineation and Implications
Typical
operationalization

Approach Connectivity implication Strengths

Uniform distance from Simple; comparable;
channel centerline (e.g.,

15-100 m) [13]

Represents structural
Fixed-width buffer pres . aligns with many
continuity/fragmentation

guidelines

con ditIi{;ik;v()el; hted Wl?at:épils(;rlgovaengi by Targets high-risk reaches Supports restoration
& ’ p ’ and source areas prioritization [40]
buffer vulnerability
Topography / Uses slope, flow Approximates hydrologic Captures
contributing-area accumulation, activation zones heterogeneous
based contributing area [23]-[25] runoff generation

Buffer zones evaluated via
watershed/ES models [32],
[33]

Source: Adapted from Synthesized Literature.

Enables scenario
testing

Moves toward functional
connectivity

Model-linked
delineation

4.2 Structural and Functional Connectivity Metrics for Riparian Corridors

Structural connectivity is commonly quantified with corridor continuity, patch cohesion,
fragmentation indices, and network-based measures representing the spatial arrangement of
riparian vegetation along streams [17], [18], [20], [21]. These metrics are useful for diagnosing where
riparian corridors are broken and where edge effects, exposed banks, and direct runoff connections
may be elevated. Functional connectivity is frequently represented through hydrologic connectivity
indices, event-driven activation patterns, and watershed models that route flow and constituents to
streams [23],[27], [32], [33].

Integrated approaches are increasingly used for planning: structural metrics help locate
corridor gaps, while functional representations help identify whether a corridor segment actually
intersects dominant flow paths and source areas [20], [27], [40]. Emerging work also emphasizes
representing both structural and functional hydrologic connectivity when quantifying how
hydrogeomorphic features shape water movement and constituent delivery [27].

Table 2. Connectivity Measures Commonly Used in Riparian and Watershed Studies

Connectivity Representative Typical linkage to water Connectivity
. . . Data needs . . .
dimension metrics/models quality dimension
id. tinuity; Explai
Structural Corri .or COMUMULYTEAP | 1 Jnd-cover P .a e Structural
. distance; patch fragmentation-related .
(corridor . . maps; stream RO . (corridor
configuration) cohesion; graph metrics network variation in interception configuration)
& [17], [18], [20] capacity &
tributing- DEM/soils; .
Functional Cc?n Jibuting-area . /ooils Represents when/where Functional
. indices; event rainfall; .
(hydrologic .. . pollutant pathways (hydrologic
.. connectivity; routing stream .
activation) connect to channels activation)
models [23]-[26] network
Hybrid prioritization
Integrated frameworks; metrics Land cover + Improves targeting and Integrated
structural- paired with modeled hydrologic interpretation of buffer structural-
functional flow paths [20], [27], modeling performance functional
[40]

Source: Adapted from Synthesized Literature.

4.3 Relationships Between Riparian Attributes and Water-Quality Indicators
Across the reviewed literature, buffer width and vegetation condition are the most

frequently reported riparian attributes linked to water quality. In mixed land-use watersheds, wider
buffers are often associated with improved water-quality indicators, including lower nutrient and
sediment signals, though relationships can be nonlinear and may saturate where upstream sources
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remain high [41], [42]. Riparian and near-stream conditions can also interact with broader land-use
patterns: multi-scale analyses show that both riparian land cover and watershed-wide land use can
influence in-stream nutrient patterns [10],[12].

Vegetation composition and structural diversity matter because they influence infiltration,
surface roughness, root reinforcement, and potential biogeochemical processing. Evidence from
mixed land-use catchments indicates that higher vegetation cover and more complex riparian
structure are associated with improved near-stream nutrient conditions and reduced pollutant
transport, including in riparian wetlands linking shallow groundwater and surface water [42], [44].
Case studies in developing or rapidly changing settings further underscore the importance of
riparian restoration as part of broader land-use management [43], [49],[53].

Table 3. Key Relationships Between Riparian Attributes and Water-Quality Outcomes

Riparian Typical Common . . .
T 1 direct Not
attribute range/threshold indicators ypical cirection otes
Nutrient and
Common targets ;1 zle; i? Wider Context-dependent; can
—
Width ~20-30 m or more ;roxi;' imprzve d saturate without
41], [42], [54 ! t trol
[41], [42], [54] turbidity upstream controls
Vesetation Native/woody cover Nutrients; Higher Stronger when buffers
get . vs. sparse/managed | organic matter | cover/diversity — are continuous and
cover/diversity . . o
grass [42], [44] proxies improved maintained
. Continuous vs. Hotspot loads; . Fragmentation can
Corridor . . More continuous .
continuit fragmented strips localized s improved increase bypass and
Y [17], [18] degradation p edge effects
High
. 18 . Well-positioned Benefits most visible
Hydrologic contributing-area Event-driven .
o . buffers — during storms and
connectivity linkage to buffers loads . . .
[23],[26] improved high-flow periods

Source: Adapted from synthesized literature.

4.4 Thresholds, Scenarios, and Policy-Relevant Insights

Thresholds translate scientific evidence into implementable guidance. Across the reviewed
literature, riparian widths in the tens of meters are frequently used as practical baselines for
water-quality protection, with wider targets often recommended where slopes, pollutant loads, or
habitat objectives are higher [41], [42], [54]. Scenario analyses indicate that riparian restoration and
buffer expansion can improve water quality, but outcomes depend on baseline conditions and
co-implementation of upstream controls (e.g., stormwater practices, nutrient management) [47], [48].
Benefits may involve time lags, especially where vegetation recovery and channel adjustment take
years.

Implementation in agro-urban contexts is challenged by fragmented governance,
competing land values, and land-tenure constraints. Prioritization frameworks that integrate
corridor condition, connectivity, and restoration feasibility can support more strategic allocation of
limited resources [40]. Linking riparian interventions to broader green-infrastructure and watershed
strategies can improve durability of benefits under ongoing development pressure [7], [34]. Recent
watershed studies also highlight that climate variability and continued land-use change can offset
gains unless riparian programs are embedded in adaptive management and long-term monitoring
[49], [53].

Table 4. Condensed Policy-Relevant Thresholds and Scenario Insights.

Management
lever

Typical target

Expected water-quality

response

Implementation
considerations
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.. ~20-30 m baseline; wider Reduced . .
Minimum buffer . . . . Harmonize with land tenure;
. where risk high [41], [42], nutrient/sediment ..
width . enforce and maintain
[54] delivery
Vegetation Native, structurally Improved interception Maintenance, invasive control,
quality diverse cover [42], [44] and resilience and co-benefits for habitat
Corridor Reduce fragmentation; Fewer bypass Align with land ownership
connectivit connect priority reaches pathways; improved and green-infrastructure
y [17], [20], [40] retention planning [7]

Scenario-based

Restoration + upstream

Larger and more

Coordinate agencies; plan for

planning controls [47], [48] reliable improvements time lags and monitoring
Management Typical target Expected water-quality Imple.mentz.itlon
lever response considerations
~20-30 m baseline; wider Reduced
ini ff § H i ith 1 ;
Minimum buffer where risk high [41], [42], nutrient/sediment armonize with land tenure;

enforce and maintain

width

[54] delivery
Source: Adapted from Synthesized Literature.

5. CONCLUSION

This systematic review indicates that riparian buffers in agro-urban watersheds influence
water quality through the combined effects of buffer width, vegetation quality, and connectivity.
Evidence most consistently supports improved water-quality indicators where buffers are
sufficiently wide, maintain high vegetation cover and structural diversity, and remain continuous
along stream networks, while also intersecting dominant flow paths.

For practice, the synthesis supports riparian programs that (i) set width targets as a baseline
but apply risk-based adjustments using topography and land-use information, (ii) prioritize
vegetation quality and long-term maintenance, and (iii) incorporate connectivity-aware planning
that accounts for engineered drainage and event-driven activation. For research, major needs include
standardized reporting of buffer delineation methods, stronger integration of functional connectivity
into monitoring and models, and clearer attribution of riparian interventions relative to upstream
source control and climate variability.
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