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Abstract: Mountain ecosystems, functioning as indispensable "water towers," face esca-
lating threats from climate change, land degradation, and water insecurity, jeopardizing
the livelihoods of downstream populations. This paper presents a comprehensive critical
review of integrated strategies designed to enhance the resilience of these vital socio-
ecological systems. It synthesizes the theoretical underpinnings and practical applications
of Nature-based Solutions (NbS), Sustainable Land Management (SLM), and Integrated
Watershed Management (IWM), arguing that their synergy with Traditional Ecological
Knowledge (TEK) offers the most robust pathway toward sustainability. The review metic-
ulously examines a portfolio of proven best practices for critical interventions—including
multi-zoned riparian buffers and bio-engineering for streamside protection; green drainage
channels and bio-stabilized slopes for road management; and systematic, cascade-level
rehabilitation of traditional water storage systems. Through a detailed analysis of design
considerations, ecosystem services, and suitability criteria, the paper demonstrates that
these are not isolated technical fixes but interconnected components of a holistic strategy.
The review concludes that successful implementation is fundamentally contingent on a
suite of non-negotiable prerequisites: strong and empowered community institutions,
participatory governance, cross-sectoral policy integration, and the adaptation of global
scientific principles to unique local ecological and cultural contexts.

Keywords: Mountain ecosystems; Water security; Ecosystem services; Nature-based Solu-
tions

1. Introduction

The global climate crisis is exerting unprecedented pressure on the world’s natural
systems, with mountainous regions standing at the forefront of this vulnerability. These
ecosystems, which serve as critical "water towers," are responsible for capturing, storing,
and distributing a significant portion of the world’s freshwater, sustaining downstream
agriculture, industry, and communities [1]. However, they are now under a compound
assault from increasingly erratic rainfall patterns, accelerated land degradation, widespread
deforestation, and the decay of essential water management infrastructure. This is acutely
evident in regions like Sri Lanka’s Knuckles Mountain Range, a UNESCO World Heritage
site, where the ecological integrity of the primary watershed is threatened, placing the
resilience of subsistence farmers and agricultural communities at critical risk.

In response, a significant paradigm shift is occurring in land and water management,
moving away from a historical reliance on single-purpose "grey" infrastructure toward more
holistic, adaptive, and multifunctional approaches. This review paper critically synthesizes
the conceptual frameworks and practical applications of an integrated strategy that weds
modern ecological science with traditional wisdom. The central thesis is that a resilient and
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sustainable future for mountain socio-ecological systems can only be secured through the
deliberate integration of three core concepts: Nature-based Solutions (NbS), Sustainable
Land Management (SLM), and Integrated Watershed Management (IWM). By conducting
an in-depth review of validated best practices and their underlying mechanisms—from
the micro-scale of root reinforcement in bio-engineering to the macro-scale of cascade-level
water governance.

This paper identifies the non-negotiable prerequisites for successful implementation.
The aim is to provide a comprehensive and actionable framework for developing strategies
that are not only technically sound but also socially accepted and ecologically sustainable.

2. A Conceptual Framework for Socio-Ecological Resilience

Building resilience in complex mountain landscapes requires a conceptual framework
that is multi-faceted and integrative. The synergy of NbS, SLM, and IWM, enriched by
TEK, provides such a foundation.

2.1. Nature-based Solutions (NbS)

Defined by the IUCN as actions that protect, manage, and restore ecosystems to
address societal challenges while providing human well-being and biodiversity benefits [1],
NDbS represents a fundamental departure from conventional engineering. Traditional "grey
infrastructure” (e.g., concrete retaining walls, piped drainage) is often rigid, expensive, and
designed for a limited range of conditions, making it vulnerable to failure when climatic
events exceed design thresholds [2]. In contrast, NbS leverages the inherent dynamism and
adaptability of natural processes. This includes utilizing wetlands for flood control and
water purification, reforesting slopes to prevent landslides, and installing natural water
retention measures to absorb flood peaks [3]. The application of NbS can be categorized
into a practical typology:

*  Ecosystem Restoration: The active rehabilitation of degraded systems, such as re-
planting native riparian forests (SAol 1) or restoring the ecological functions of village
tanks (SAol 3) [4].

e Issue-Specific Ecosystem-Based Management: The targeted management of ecosys-
tems to deliver specific services, such as agroforestry on slopes to provide both soil
stabilization and income [5].

*  Green-Grey Hybrid Infrastructure: The synergistic combination of natural and en-
gineered systems, such as a concrete culvert (grey) that discharges into a vegetated
bioswale (green) to manage water quality and quantity, thereby enhancing overall
ecosystem service delivery [6].

2.2. Sustainable Land Management (SLM)

SLM is a holistic approach that views land not merely as a medium for production
but as a finite capital asset. The World Bank (2006) defines it as the use of land resources to
meet human needs while ensuring the long-term productive potential of those resources
and their environmental functions. For fragile mountain environments, the five guiding
principles of SLM are particularly salient [7]: ensuring productivity through good practice;
providing land tenure security to incentivize long-term conservation investment; active
protection of soil and water resources; ensuring interventions are economically viable; and
ensuring they are culturally acceptable and aligned with local values.

2.3. Integrated Watershed Management (IWM)

IWM treats the hydrological boundary of a watershed as the fundamental unit for
planning, recognizing that physical, biological, and socio-economic systems are inextri-
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cably linked [8]. Unlike siloed, sectoral approaches, INM necessitates systemic thinking
about "upstream-downstream" consequences. For example, a village tank rehabilitation
project (SAol 3) is unsustainable if not coupled with upstream measures to control erosion
from poorly managed roads (SAol 2) and agricultural lands [9]. Fundamentally, IWNM is a
governance challenge that requires moving beyond top-down mandates toward collabo-
rative decision-making among all stakeholders—from forest communities and farmers to
various government agencies—to resolve conflicts, build ownership, and ensure equitable
outcomes [10].

2.4. Synergy with Traditional Ecological Knowledge (TEK)

The principles of NbS and IWM are often deeply embedded in traditional systems.
For millennia, Sri Lanka’s cascaded tank-village system has exemplified a sophisticated
understanding of hydrology and ecosystem management [11]. These systems, which incor-
porate elements like protected forest strips (gasgommana) and interconnected irrigation
networks (ela), are time-tested models of resilience. Integrating this TEK with modern
scientific approaches is not an act of nostalgia but a pragmatic strategy to leverage proven,
locally adapted models that have sustained communities for centuries [12].

3. A Critical Review of Best Practices and Proven Models

The application of this integrated framework is best understood through a detailed
examination of proven interventions in three strategic areas.

3.1. Intervention Area 1: Streamside Protection

This intervention is critical for enhancing water quality, stabilizing land, and main-
taining ecological connectivity.

*  Riparian Buffer Strips (RBS): As a globally recognized best practice, multi-layered
vegetative buffers are highly effective. Studies in similar mountain ecosystems show
that buffers of 30-50 meters can significantly reduce sediment and nutrient runoff [13].
Their effectiveness is rooted in several key functions:

- Water Quality Improvement: Buffers act as powerful biofilters. Dense vegetation
slows overland flow, causing sediment to settle out [14]. Microbial processes in the
buffer’s soil facilitate denitrification, removing excess nitrogen from agricultural
runoff, while phosphorus is captured along with soil particles [15].

-  Bank Stabilization: The dense, interlocking root systems of trees, shrubs, and
grasses bind soil particles, increasing shear strength and providing resistance
to the scouring forces of floodwaters—a vital function on the steep slopes of
mountain regions [16].

—  Design Considerations: A "one-size-fits-all" approach is ineffective. Width is the
most critical design factor. While narrow buffers (<10m) can trap sediment, wider
buffers are required for other functions. A comprehensive literature review sug-
gests widths of 30m or more are often needed to achieve significant temperature
control and provide viable wildlife habitat [17]. The most effective designs are
multi-zoned:

1.  Zone 1 (Inner): Undisturbed native trees and shrubs for deep root reinforce-
ment.

2. Zone 2 (Middle): A managed forest or shrub zone for infiltration and
nutrient uptake.

3. Zone 3 (Outer): A dense grass strip to slow and spread runoff from adjacent
land uses [18,19].
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Bio-engineering for Bank Stabilization: This technique uses live plant materials
and natural structures as a cost-effective and ecologically superior alternative
to hard-armoring like concrete. It creates a living, self-repairing structure that
adapts over time [20]. Key techniques include:

+  Live Staking: The direct insertion of dormant, rootable cuttings (e.g., willow,
poplar) into the bank to provide rapid vegetative cover.

+  Brush Layering: Placing layers of live branches on terraces cut into a slope.
The branches root into the bank, acting like "live nails" that provide deep
reinforcement.

+  Branch Packing: A hybrid technique where a mix of soil and live cuttings is
packed between rows of live stakes, ideal for repairing localized slumps.

+  Live Cribwalls: Interlocking log or timber structures filled with soil and live
cuttings. The crib provides immediate mechanical support like a retaining
wall, while the plants grow through it, creating a reinforced living wall
suitable for high-energy environments [21].

3.2. Intervention Area 2: Drainage Management Along Roads

Roads are often primary conduits for erosion in mountain landscapes, altering hydrol-

ogy and delivering sediment directly to streams [22].

Green Infrastructure Approaches:

Vegetated Swales: Replacing concrete drains with vegetated channels slows
runoff velocity, promotes infiltration, and filters out sediments and pollutants,
embodying the "Green Roads" philosophy [23].

Check Dams and Cascades: Small, permeable structures built from local materials
(stone, timber) within drainage lines dissipate the energy of flowing water, induce
sediment deposition, and stabilize the channel gradient [24].

Roadside Bio-engineering: The combined use of vegetation with biodegrad-
able geotextiles (e.g., coir netting) provides immediate surface protection against
erosion while native plants establish their root systems for long-term stability.
Research in Kerala, India, found coir geotextiles to be a cheaper and effective
alternative to terracing for smallholder farmers [25]. Similarly, work in Nepal
demonstrated that combining jute netting with grass and shrub planting effec-
tively stabilized highly weathered cut slopes [26].

Infiltration Systems: Roadside recharge pits and infiltration trenches are en-
gineered structures filled with stone that capture runoff, allowing it to slowly
percolate into the ground. This simultaneously reduces flood risk and recharges
groundwater aquifers, a dual benefit for water-stressed regions [27].

3.3. Intervention Area 3: Rehabilitation of Village Tanks and Irrigation Networks

This intervention revitalizes traditional water systems that are the lifeblood of many

rural communities.

A Systematic, Holistic Approach: Effective rehabilitation goes far beyond simply

de-silting. It requires a sequence of actions: 1) restoring the upstream catchment with

SLM practices to stop silt at its source; 2) repairing the tank’s hydraulic structures
(bund, spillway); 3) de-silting the tank bed to restore capacity; and 4) restoring the
peripheral ecosystems [28]. The excavated silt can be valorized and reused for bund

construction or other applications, creating a circular economy model [29].

Cascade System Management: Since tanks often operate as an interconnected cascade,

management must occur at the cascade level. Restoring the overflow channels (keta-



Version September 17, 2025 submitted to Water 50f7

ela) re-establishes the hydraulic connectivity and optimizes water sharing across the
entire system, a hallmark of traditional IWM [11].

*  Restoration of Peripheral Ecosystems: The health of a tank depends on its sur-
rounding ecosystems. This includes the gasgommana (a dense forest strip below the
bund that acts as a filter), the iswetiya (a shallow water area), and the thulila (water
meadow). Restoring these elements is a classic application of NbS, enhancing water
quality, biodiversity, and overall system resilience [30].

¢  Participatory Management: The long-term sustainability of these systems is impossi-
ble without the active involvement of farmer organizations. Establishing clear water
rights and maintenance responsibilities is paramount [31].

4. Synthesis of Prerequisites for Successful Implementation

The transition from theory to successful on-the-ground implementation is contingent
on fulfilling a critical set of prerequisites that can be categorized as institutional, socio-
economic, and biophysical.

* Institutional and Governance Prerequisites: This is arguably the most critical cate-
gory. Strong community institutions, such as empowered Water User Associations or
Cascade Management Committees, are essential for sustained management and main-
tenance. Success requires participatory planning, where communities are engaged
from the initial mapping and design phases to ensure ownership. Furthermore, there
must be inter-departmental collaboration between government agencies responsible
for roads, forestry, agriculture, and irrigation to overcome sectoral silos and enable
integrated planning.

*  Socio-Economic Prerequisites: Interventions must be economically viable and socially
acceptable. This often requires establishing clear land tenure and, where private land
is involved, developing incentive mechanisms like Payment for Ecosystem Services
(PES) to compensate landowners for dedicating land to conservation purposes like
riparian buffers [32]. A focus on using local materials and labor not only reduces costs
but also builds local capacity and ensures that maintenance skills remain within the
community.

*  Biophysical and Technical Prerequisites: Interventions must be based on sound science.
This includes conducting hydrological surveys to understand catchment yield and
siltation rates before designing tank rehabilitations. The selection of native plant
species that are deep-rooted, fast-growing, and adapted to local conditions is crucial for
the success of bio-engineering and riparian planting [33]. Finally, a robust monitoring
and evaluation framework with clear ecological and socio-economic indicators must
be established to measure impact and allow for adaptive management over time.

5. Conclusions

The challenge of building climate resilience and ensuring water security in vulnerable
mountain ecosystems cannot be met with piecemeal or purely technical solutions. This
critical review establishes that the most effective and durable strategy lies in the holistic
integration of Nature-based Solutions, Sustainable Land Management, and Integrated
Watershed Management, deeply informed by Traditional Ecological Knowledge. The
proven practices for streamside protection, road drainage, and tank rehabilitation are not a
menu of options but interconnected parts of a systemic approach to restoring the health of
the entire watershed.

The success of such an approach, however, is determined less by the elegance of the
engineering design and more by the strength of the underlying socio-ecological founda-
tion. Without participatory governance, empowered local institutions, and cross-sectoral
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collaboration, even the best-designed interventions are destined to fail. By embracing this
integrated, systems-thinking approach and committing to fulfilling its core prerequisites, it
is possible to upgrade land and water management infrastructure in a way that secures a
resilient and sustainable future for both the unique ecosystems of our mountain regions
and the millions of people who depend on them.
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Abbreviations

The following abbreviations are used in this manuscript:

NbS Nature-based Solutions

SLM  Sustainable Land Management

IWM  Integrated Watershed Management

TEK Traditional Ecological Knowledge

IUCN International Union for Conservation of Nature
RBS Riparian Buffer Strips

PES Payment for Ecosystem Services

SAol  Strategic Areas of Intervention
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