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Factsheets of Nature-based Solutions for Water Security 
 
Introduction and scope 
The factsheets aim to provide an initial overview of key characteristics of twelve selected Nature-based Solutions for Water Security (NbS-WS). They are intended to 
guide potential financiers of Watershed Investment Programs and others interested with respect to the typical properties of each NbS-WS, such as Water Security 
Challenges (WSCs) addressed, other benefits, costs, and risks. Though the selected NbS-WS are widely different, an important commonality is the dependence of their 
key properties on the local context. The factsheets are therefore not suitable to be directly applied to any specific project, but should be interpreted as a preliminary 
indication of aspects to consider when contemplating a certain NbS-WS. 

 
Methodology 
The factsheets were compiled by exploring a range of information sources, including technical reports, policy documents, operational protocols and guidelines for NbS 
implementation, and academic literature. They deliberately integrate information from practical projects and research studies implemented around the globe and 
across different spatial scales. Where possible, data from empirical evidence were preferred, though for certain aspects (e.g. long-term benefits of certain NbS) the 
scarce available information comes from predictive modelling. In factsheets that bundle a number of management practices (such as Agricultural, Forestry and 
Ranching Best Management Practices), any bias towards individual practices was attempted to be avoided; where emphasis is placed on specific practices, this is 
caused primarily by availability of literature.  

 
Overview of selected NbS-WS 
The table below lists the NbS-WS that are addressed in the factsheets. NbS-WS can be complementary, e.g. when restoration efforts are implemented on the watershed 
scale across different land cover types.  

 



 

Landscapes Description & associated interventions

Protection 

1
Targeted habitat 
protection

Healthy forests, grasslands, 
shrublands, riverine, lake and 
wetlands

Broad term for all conservation activities to protect target ecosystems. Includes preventative measures (e.g. easements, land 
rentals, funding of park guards) to reduce future adverse land use changes.

Restoration

2 Revegetation
Degraded forests, grasslands, 
shrublands

Restoration of native habitat via either active planting (e.g. seedlings) or passive measures (creating suitable enabling 
environment for regeneration). Includes reforestation.

3 Riparian restoration Riparian areas
Restoring natural habitat that act as interface between land and water along the banks of a river, stream, or lake. Often 
referred to as ‘riparian buffers’.

4 Wetlands restoration Wetlands Re-establishment of the hydrology, plants and soils of former or degraded wetlands.

5 Floodplain restoration Floodplains Removing barriers along the edges of a river to re-establish its natural course and re-establish storage capacity.

Management

6
Agricultural Best 
Management Practices 
(BMPs)

Cropland
Land management changes that reduce impacts of agricultural & ranching activities by taking steps to incorporate aspects of 
previously naturally occurring ecosystems. Related measures include cover crops, contour farming, hedgerows, conservation 
tillage, agroecology, water-smart agriculture, agroforestry and edge of field buffers.

7 Ranching BMPs Rangeland
Land management changes that reduce impacts of ranching or grazing activities. Related measures include grazing 
management, silvopasture and land treatment, e.g. range seeding, brush management.

8 Forestry BMPs Forests
Measures to protect water quality while undertaking silviculture practices; includes forest thinning, forestry under sustainable 
management plans. 

9 Fire Management Forests (primarily)
Measures to protect water quality by employing nature-based solutions to reduce the frequency and intensity of fires. Includes: 
prescribed burning, tree thinning. 

Created 
Habitats

10 Artificial wetlands Urban (primarily) Treatment systems that use natural processes involving wetland vegetation, soils, and their associated microbial assemblages.

11
Sustainable Urban 
Drainage Systems 
(SuDS)

Urban
Urban water management practices that are designed to align modern drainage systems with natural water processes. 
Examples include bioswales, green roofs, permeable pavements, sediment traps, retention basins and rainwater harvesting.

Intervention category

An intervention that prevents (or greatly limits) overexploitation of natural resources to achieve the long-term conservation of nature with associated ecosystem services and cultural 
values.

An active or passive intervention that involves returning degraded, damaged, or destroyed ecosystems to pre-disturbance state. Considered synonymous with reclamation, reforestation, 
rehabilitation, revegetation and reconstruction.

Natural resource management approaches other than restoration or protection. Examples include ecosystem-based fire management and actions characterized as forestry or forest 
management.

Interventions involving the establishment, protection or management of artificial ecosystems. This includes non-natural tree stands created or managed to address climate impacts, 
artificial grasslands, created wetlands (not restored), etc. This also includes most agricultural, fisheries and livestock farming approaches, including pastoralism. 



NbS-WS characteristics 
Below, further guidelines are given to interpret some of the NbS-WS aspects presented in the factsheets. 

Water Security Challenges addressed 
Impacts on WSCs are evaluated based on published literature, focusing on water availability, disaster (flood) risk, and water quality aspects. The magnitude of these 
impacts, as well as the depth of the evidence base to substantiate their assessment, is presented by a star ranking:  

Ranking Magnitude of impact Depth of evidence base 
 No impact Non-applicable 

 Limited Limited evidence 

 Moderate Moderate, or highly variable impacts observed 

 High  Strong evidence 
 

Figure 1 below provides a summary of these findings across the fact sheets.  



Figure 1. Summary of NbS and their potential benefits 
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Other benefits 
As the focus of the NbS-WS factsheets is on water security, all benefits not directly related to water are considered “other benefits”. It should be noted that in many 
cases, these other benefits can be among the primary objectives for NbS implementation. This section of the factsheet should therefore not be considered synonymous 
to “co-benefits”, in the sense in which this term is conventionally used. Economic benefits directly related to WSCs, such as reduced water treatment cost savings or 
reduced damage from floods, are not listed separately in this section. See Figure 1 for a summary of the potential for multiple benefits for each of the NbS optons. 

Relation to grey infrastructure 
Green and grey infrastructure can relate to each other in two primary ways: as complementary (e.g. when green infrastructure reduces the dimensions or maintenance 
needs of grey infrastructure), or as alternative options (in cases where both provide the same services and selection of one or the other needs to be considered). More 
information is provided on these relationships in the Green-Gray Infrastructure Deep Dive. This section in the factsheet summarizes the main pieces of grey 
infrastructure that relate to each NbS-WS in these two ways. 

Common risks and tradeoffs 
This section integrates two aspects of each NbS-WS: 

• Risks, which address the risks related to installation and operation of the NbS; i.e., factors to be considered that may compromise benefits or increase costs 
in some way; 

• Tradeoffs, which concern any negative impacts this particular NbS may bring, and which need to be considered in light of the expected positive impacts when 
selecting and designing NbS-WS. 

Implementation costs and timing of benefits 
This section describes the typical relationship between capital costs, recurring costs, and benefits, in terms of orders of magnitude and timing. Exact numbers and 
estimates are provided from various projects, aimed to represent different areas of the world. Due to the wide variation of labor costs and material prices, no attempt 
is made to provide a universal estimate of absolute amount. The chart shows typical costs vs. benefits curves for a 15-year period, where annual costs and benefits 
are expressed as a % of the total over this period. Three types of charts are applied:  

A. High ratio of capital costs vs total costs, early benefits 
B. High ratio of capital costs vs total costs, delayed benefits 
C. Low ratio of capital costs vs total costs, gradual benefits over time 

 

 



Targeted Habitat Protection 
Intervention category: Protection 

 

Description 

Targeted protection of habitats refers to all conservation activities undertaken to protect targeted 
ecosystems, such as forests, grasslands, or wetlands.1 It is typically implemented as a preventative 
measure, aiming to reduce the risk of future adverse environmental impacts that may result from land 
use and water use changes.2 In particular, this NbS-WS seeks to prevent increased sediment or nutrient 
loadings, or disturbance of the hydrological cycle.  

Several activities can be considered under this NbS. General protection mechanisms can be 
categorized as legislation, administrative designations, regulations, acquisition of enforceable rights in 
natural resources, and judicial actions.3 Examples of concrete activities include designating new 
protected areas, conservation easements, land rental and increased enforcement of existing protected 
lands. Conservation easements can be effective for the permanent conservation of private lands. A 
conservation easement is a restriction placed on a piece of property to protect its associated resources 
and is either voluntarily donated or sold by the landowner.4 Land may also be rented from private owners 
in order to achieve conservation objectives. Where land has already been designated for protection 
purposes, additional staff may be employed to provide educational programs, outreach to communities, 
and enforcement of conservation regulations. 

Water Security 
Challenges 
(WSCs) 
addressed 

Due to the preventative nature of this NbS-WS, benefits can only be evaluated by analyzing realistic 
scenarios of potential future land use changes, and assess negative impacts avoided by the presence of 
the protection. The nature of the benefits depends, among others, on the type of protected ecosystem 
and the alternative scenario(s). In the case of upland forests, averted flood risk in downstream locations 
is an often reported benefit.5,6,7  

A large knowledge base is also available with regards to linkages between targeted land protection 
and water quality. A review of studies and reports (primarily from the United States and New Zealand) 
demonstrates that that water quality generally begins to deteriorate when forest cover falls below 60-90% 
of catchment area, depending on context.8 Among other benefits, maintenance of water quality is also 
regarded as an important effect of wetland conservation. Potential cost savings from avoided drinking 
water treatment operations and maintenance can be significant.2 Conservation of wetlands can, however, 

Type Impact Magnitude Depth of 
evidence base 

Water 
availability 

Groundwater 
recharge 

Increased mean annual 
groundwater recharge   

Dry season 
flows 

Maintained dry season 
flows   

Disaster 
risk Flood risk Reduced peak discharge   

Water 
quality 

Erosion and 
sedimentation 

Reduced on-site erosion 
and sediment yields   

Nutrients and 
pollutants 

Reduced in-stream nutrient 
and pollutant 

concentrations 
  

 



have a certain tradeoff with flood risk; high water levels are generally required for biodiversity purposes 
but may conflict with storage needs for flood mitigation.9 Targeted habitat protection is often very effective 
in limiting soil erosion and in-stream sediment loads, which can be especially beneficial in cases where 
downstream hydropower projects or water supply storage reservoirs are present.10 

Other benefits 

What? How? 

Biodiversity11,12 

Well-managed protected areas with enforced conservation regulations are 
effective in stopping land clearing, mitigating logging, hunting, fire, and grazing, 
thus preserving habitats and positively affecting both terrestrial and aquatic 
biodiversity. 

Electricity 
generation10 

In watersheds with downstream hydropower development, healthy upstream 
natural systems contribute to flow regulation and avoiding damage from 
sediment loads. 

Carbon storage 
(avoided emission)2 

Both above-ground and below-ground biomass losses are avoided by effective 
land protection. 

Aesthetic quality / 
recreation 

Maintenance of intact natural ecosystems can also serve eco-tourism purposes 
and provide opportunities for recreation. 

Job creation Additional staff may be employed to provide educational programs, outreach to 
communities, and enforcement of conservation regulations. 

Linkages to 
climate change 

Mitigation: Preservation of natural vegetated habitats such as forests, wetlands and grasslands 
contributes to sequestration of large amounts of carbon both above- and below-ground. 
Adaptation: Protection of vegetated habitats mitigates hydrological extremes and provides a cooling 
effect through evapotranspiration. 



Design-
enabling 
conditions and 
typical 
constraints 

• Identification of opportunities and priorities for land conservation to protect water sources 
depends on reliable information on species’ locations, habitat requirements and threats, and 
information on where water security benefits can best be achieved.1 For example, the relationship 
between forest cover and water quality is non-linear and complex. Factors such as location in the 
watershed, the mix of land uses in the watershed, past land use history, and climate change can 
all impact the amount of forest cover needed to sustain healthy waters.8 

• Watershed size is an important variable in setting land protection objectives regarding 
downstream water quality. The smaller the drainage area, the easier it will be to accomplish 
measurable water quality objectives using conservation strategies. In the United States, water 
suppliers that choose land conservation as a primary strategy usually have drainage basins or 
aquifer recharge areas of 300,000 acres or less.4  

• Effective land protection in larger watersheds is often concerned with a range of public and private 
stakeholders, and multiple political jurisdictions. Interests need to be aligned e.g. in public-private 
partnership arrangements, potentially offering significant water quality benefits over large scales.4 

• Identification of future land use changes and threats can be guided by concrete local plans as 
well as longer-term growth trends and development patterns on different spatial scales. 4 

• Adequate incentives for cooperation among stakeholders for effective land protection is more 
likely to be achieved when other objectives such as livelihoods, recreation opportunities, and 
flood control are well acknowledged and accounted for in protection strategies.4 

• Being a preventative measure, this NbS-WS is constrained by the available data on current water 
security benefits, as in non-degraded systems any negative impacts cannot yet be observed.  

• Protected area effectiveness correlates with basic management activities such as enforcement, 
boundary demarcation, and direct compensation to local communities.11 Depending on context, 
it can be constrained by the availability of skilled staff to provide educational programs, outreach 
to communities, and enforce protection regulations. 

Relation to grey 
infrastructure 

 

Infrastructure Service provided by grey solutions 

Water treatment plants (downstream) 
Improvement of water quality for 

(domestic) purpose 
Dams / reservoirs for hydropower 

(downstream) 
Energy production 

Common risks 
and tradeoffs 

• In large watersheds spanning different administrative units, communities, and economic 
interests, many different stakeholders need to be on board for effective land protection. The risk 
of a partner dropping out from any agreement / arrangement made increases with size and 
diversity of the group of stakeholders involved. Opportunity costs need to be accounted for, 
especially when local communities are poor and have limited resilience.13 

• Where the business case for targeted habitat protection involves recreational (eco-tourism) use 
of sections of the protected area, active management and enforcement should minimize the risk 
of anthropogenic disturbance.12 

• The nature of this preventative NbS-WS comes with a general risk of “mispredicting” future land 
use changes and socio-economic processes driving them, thus developing protection 
mechanisms that may be less effective or missing certain areas in the prioritization process. 

• Several of the world’s most valuable ecosystems are located in politically unstable areas, posing 
risks to durable design and enforcement of protection mechanisms.14 

• A tradeoff may occur between maintaining services of native ecosystems and human interests 
related to water use, e.g. when preserving seasonal streams (and species that adapted to that 
seasonality) or regularly flooded systems.  



Monitoring 
opportunities 

• Satellite remote sensing is well-suited for evaluating effectiveness of targeted habitat protection. 
Extent and condition of vegetated habitats can be evaluated across spatial scales.15 

• (Eco-)hydrological simulation models are required for analyzing water security impacts of targeted 
habitat protection in relation to potential negative impacts of future land use change scenarios. 
Many tools can be deployed for spatial simulation of the relevant biophysical processes affecting 
water quality and quantity across watersheds, of which the SWAT and InVEST models are 
commonly implemented examples.16,17 These tools require historical and current records of flows, 
sediments and water quality for calibration with respect to baseline conditions. 

Implementation 
costs and 
timing of 
benefits 

Especially in watersheds with downstream cities and 
associated economic activity, the large number of potential 
beneficiaries can translate into comparatively modest per capita costs and a high cost-benefit ratio. For 
half of the world’s cities, annual source water protection activity costs could be just US$2 or less per person 
per year.2 In terms of economic benefits, targeted habitat protection is generally considered very effective 
as it is much less costly than reversal of any negative trends.4  

Image 

 
Deforestation in the Amazon for cattle ranching (source: TNC). 

Examples 

• Ruvu River, Tanzania19  
o Brief description: The SWAT biophysical model was linked to an economic valuation of the 

presence of forests and woodlands, focusing on the benefits provided by their ability to 
regulate the availability of drinking water in the major cities of Dar es Salaam and 
Morogoro.  

o Lessons learnt:  
 Retaining the forest and woodlands can help avoid costly deterioration in the 

public water supply to the two cities. Estimated treatment cost savings due to 

https://www.nature.org/en-us/what-we-do/our-insights/perspectives/public-policy-challenges-preserving-amazon/


forest conservation amount to USD 4.6 –1 7.6 million per year for Dar es Salaam’s 
population. An estimated additional cost saving of US$ 308,000 per year for 
maintenance of the Mindu Dam, which provides potable water to the population of 
Morogoro, can be realized by conservation of Ruvu’s forests and woodlands. 

 The poorest households are most affected by the failure to provide reliable tap 
water when the upland forests are not preserved, due to the price hikes that occur 
when water is rationed. 

 
• Pursat, Cambodia10   

o Brief description: A modelling framework was applied to the proposed Pursat 1 Dam to 
estimate payments for forest conservation. Future land use change projections and 
associated watershed erosion and reservoir sedimentation were quantified using a spatial 
simulation model and compared to a scenario in which all upstream forest is effectively 
preserved. Benefits of forest conservation were translated into averted power generation 
losses and used to inform the design of a proposed PES scheme. 

o Lessons learnt:  
 Forest protection costs were estimated at US$ 0.9 ha−1yr−. 10 The estimated net 

present value of forest conservation was US$ 4.7 million - US$ 6.4 million 
depending on future climate conditions. 

 A PES scheme with payments between US$ 4.26 - US$ 5.78 ha−1yr−1 would be 
justified from the operator’s perspective and would more than cover the required 
costs of forest conservation. 

 
• Sebago Watershed, Maine, United States20 

o Brief description: The Sebago Lake watershed provides drinking water to more than 
200,000 users in the greater Portland, Maine region. The watershed contains abundant 
forests and cold water lakes and streams. The Portland Water District (PWD) invests in 
watershed protection through acquisitions and conservation easements in partnership with 
local and regional conservation organizations. The Sebago Lake watershed faces the 
threat of water quality impairment through loss of forest cover, primarily due to anticipated 
development.. This study addressed the economic feasibility of scaling up investments in 
forest conservation that would secure water quality and other ecosystem services in the 
watershed over the next 30 to 50 years. 

o Lessons learnt:  
 If about 10% of the current forest cover were lost, then the entire watershed would, 

on average, be below state water quality standards. 
 If all forest area currently not conserved were done so via a conservation 

easement or fee purchase, this would yield a net benefit for the catchment. Every 
dollar invested in forestland conservation is likely to yield between $4.80 and 
$8.90 in benefits, including the preservation of water quality. A PES scheme with 
payments between US$ 4.26 - US$ 5.78 ha−1yr−1 would be justified from the 
operator’s perspective and would more than cover the required costs of forest 
conservation. 

 There is a business case for commercial water users to invest in watershed 
protection. If PWD would have to build a filtration plant costing about $150 million 
dollars, due to forest loss, then water rates would increase by 84% to offset costs 
of constructing and maintaining the plant. This equates to more than $1.7 million 
per year in additional water charges for the top 10 consumers in the District.  
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Revegetation 
Intervention category: Restoration 

 

Description 

Revegetation is the restoration of native habitat via either active planting or seeding, or passive 
measures which result in a suitable enabling environment for regeneration. Revegetation can 
involve restoration of natural forest, grassland or other habitat, and includes pastureland 
reforestation (active or passive forest restoration on grazing lands). Common activities involved 
in revegetation are site assessment and selection, site preparation (soil preparation and 
removal of unwanted vegetation / weeds), fencing and pest control if needed, direct seeding 
and planting, and various actions of maintenance and monitoring.1 

With regards to water security, the main reasons for implementing revegetation include (i) 
an enhanced capacity to hold soil in place and reduce erosion, (ii)) natural filtering of pollutants 
from overland flow, and (iii) increase infiltration of runoff water into the soil, thus attenuating 
peak flows.2 

This factsheet especially concerns revegetation of non-riparian and non-wetland areas, 
often located in upland parts of (mountainous) catchments. Other NbS involving revegetation, 
such as restoration of wetlands, riparian areas and floodplains, are described in the 
corresponding factsheets. 

Water Security 
Challenges (WSCs) 
addressed 

 
Impacts of revegetation on water availability depend strongly on the temporal and spatial scales 
under consideration. For many geographical locations, forest types and climate conditions, 
annual water yields are reduced as a result of reforestation, due to enhanced access to soil 
water and transpiration of the vegetation.3,4 Especially in tropical climates, depending on tree 
species used, soil water content is effectively restored to natural conditions by reforestation and 
associated deep rooting systems.5 It should be noted that increased landscape transpiration 
after revegetation also drives enhanced atmospheric moisture recycling, leading to increased 
precipitation either locally or elsewhere in the “precipitationshed”.6 

When looking at season time scales, peak discharges and associated flood risk are 
reduced due to the regulating effect of tree cover on hydrology, especially in mountainous 
watersheds.7 In addition, dry season flows and groundwater recharge can be enhanced due to 

Type Impact Magnitude Depth of 
evidence base 

Water 
availability 

Groundwater 
recharge 

Increased mean annual 
groundwater recharge   

Dry season 
flows 

Maintained dry season 
flows   

Disaster 
risk Flood risk Reduced peak discharge   

Water 
quality 

Erosion and 
sedimentation 

Reduced on-site erosion 
and sediment yields   

Nutrients and 
pollutants 

Reduced in-stream nutrient 
and pollutant 

concentrations 
  



improved infiltration and percolation.8 A review of (re)forestation efforts in Andean watersheds 
showed an increase of soil infiltration rates by a factor of 8.9  

With regards to water quality, strong relationships between stream salinity and reforestation 
can be found in areas prone to secondary salinity; a case in western Australia showed a 67% 
reduction of in-stream salinity after reforesting 14.5% of the watershed, allowing water to be 
classified as potable again.10 Estimated water quality benefits of reforestation of marginal 
croplands in the Ohio River Basin (USA) include reductions of downstream nitrogen an 
phosphorus loads of 95–97% and 96–99%, respectively. In mountainous catchments in Latin 
America, around 20 years of forest cover presence was sufficient to restore erosion rates and 
sediment yields close to natural conditions.9  

Other benefits 

What? How? 

Provisional ecosystem services11 Provision of food, fiber, timber, medicinal resources, etc., 
including socio-economic benefits and food security.  

Carbon sequestration12 Sequestration of carbon in newly planted / restored 
biomass. 

Habitats / biodiversity12 Increased habitat and enhancement of biodiversity. 
Species richness / gene pool. 

Recreation and (eco)tourism13 Increased aesthetic value and more pleasant 
environment. 

Spiritual value13 Restoration of the natural situation that is often socially 
or culturally embedded in local communities  

Reduced landslide risk14 Slope stability increases with deep rooting systems of 
trees 

Improved air quality Trees absorb these toxic chemicals through their 
stomata, effectively filtering these chemicals from the air. 

Linkages to climate 
change 

Mitigation: Reforestation is regarded worldwide as an effective tool for sequestering carbon 
from the atmosphere and combating the greenhouse effect.15 
Adaptation: Reforestation reduces temperature extremes by providing shade and using solar 
energy for transpiration of water. Attenuation of peak flows reduces risk of floods resulting from 
more extreme precipitation events, while enhanced groundwater recharge and baseflow 
increase resilience to prolonged episodes of drought. 

Design-enabling 
conditions and typical 
constraints 

• To increase chances of plant survival and healthy growth, in semi-arid conditions, timing 
of the outplanting window is determined mostly by soil moisture (water availability in 
general) and temperature.16 

• Soil depth needs to be sufficient to minimize mortality of seedlings.16  
• Steep slopes can be hard to manage and risky for labor. Upper slope limitations of 

equipment should be established to ensure safety and efficient operations.16 
• Aspect can influence species selection and planting density and configuration. North-

facing slopes usually have better soil and more shade, whereas South-facing slopes 
should be planted with lower densities and only with drought and light tolerant species. 

• Species selection is influenced by site elevation and soil type. Usage of native species 
is most likely to be successful in establishing healthy plant communities and achieving 
the intended benefits.16 

• Rockiness can be a constraint, as very rocky sites are hard to plant and manage. Heavy 
machinery may be required to break surface rocks to access underlying soil layers. 

• Land use prescribed by governmental regulations needs to allow for reforestation. 



• High levels of interest and engagement of the local community are key boundary 
conditions to ensure sustainable use and management of revegetated lanscapes:16 

• Species selection is highly influenced by the site elevation and soil type.16 
• Site accessibility can strongly influence project costs.16 
• Grazing pressure can be relevant to consider, and fencing may be required16  
• Available project budget can impact the choice between active restoration and passive 

restoration, where the former is typically more expensive (but more appropriate in a 
reduced implementation window). Both strategies might be used in a complementary 
manner to compensate for high implementation costs, such as through the integrated “ 
applied nucleation” approach.17 

• Possible maintenance needs include1: 
o Post weed control 
o Maintenance of fences or other structures 
o Replacement of any plant losses 
o Thinning 
o Watering 

Relation to grey 
infrastructure 

 

Common risks and 
tradeoffs 

• Outcomes of natural seeding can be uncertain, e.g. depending on unfavorable weather 
and competing vegetation. This can result in a risk of potential over- or understocking 
or poor forest health. If deemed too risky, active planting can be seen as a more reliable 
option, despite higher costs.18  

• Damage to seedlings by animals can be a risk for effective revegetation. Various control 
strategies may be employed, depending on the species and number of animals.18 

Monitoring opportunities 

• Vegetation growth and regeneration can be monitored with satellite imagery, aerial 
photos and ground-truthing by field surveys.19 

• Different in-field techniques exist for monitoring establishment and survival of different 
species.1 

• Impacts on water quantity (dry season) can be monitored by measuring streamflow at 
downstream sites. 

• Impacts on water quality can be monitored locally by measuring concentrations of 
relevant parameters (e.g. nutrients or sediments). 

Implementation costs 
and timing of benefits 

Capital costs incurred in revegetation strongly depend on the method applied (natural 
regeneration, mechanical seeding, planting). Expenses include labor and equipment for site 
preparation and planting, costs of seedlings, material for fencing, In the US, estimated 
establishment costs  range roughly from $100 to $450 per acre (including labor).20,21 In a 
Chinese case study, depending on tree species, total reforestation costs are between $50 and 
$400 per hectare22, mostly due to lower labor costs. Recurring costs of ongoing management 
and maintenance activities in the US are typically not more than USD 2-4 per acre. In the 
aforementioned examples, land acquisition costs were not applicable. 

Infrastructure Service provided by grey 
solutions Type of relation 

Reservoirs / dams27 
Water storage, flood mitigation, 

and/or power generation 
Complementary 

Retaining walls27 
Decreased erosion, 

sedimentation, and land slide risk.  
Complementary, Alternative 

 



As with many NbS, revegetation involves 
costs incurred locally but benefits enjoyed on 
the watershed scale. Private economic 
benefits are strongly linked to timber prices, 
and depending on the specific context may or 
may not justify investment.21,22. Watershed 
services from revegetation are generally 
considerable and concern the various WSC-
related benefits and others described in this 
factsheet.12 The time needed for the benefits 
to materialize depends on the revegetation 
method applied, but generally is 
characterized by a slow onset (where 
seedlings develop and natural regeneration takes place) followed by a relatively rapid increase 
as the integrated vegetation-soil-water system develops. 

Image 

 
Reforestation efforts in Extrema, Brazil (source: TNC) 

Examples 

Revegetation projects are being implemented worldwide, and documentation of empirical 
evidence and costs / benefits  is available from all continents.23 However, due to difficulties in 
monetizing many of the provided watershed services, particularly those related to WSCs (“non-
use” values), cost and benefit analyses are often limited to private benefits and carbon credits. 
 

• Tennessee, United States24 
o Brief description: A cost-benefit analysis was performed for 15 target sites for 

implementing forest landscape restoration to protect the ridgelines and hillsides 
in the southern Appalachian region. Private and public benefits per dollar spent 
were estimated for each site, and implications for different payment schemes 
are discussed. 

o Lessons learnt:  
 Much of the private benefit accrues to households living close to the 

reforestation site, while public benefits are mainly generated by indirect 
use values of stormwater control and improved air quality. 

 Results for the 15 sites show that the magnitude of public benefits is 
between 5 and 50 times as high as the private economic benefits.  

https://www.nature.org/en-us/what-we-do/our-insights/perspectives/reforestation-accelerator-driving-natural-climate-solutions/


 Public return per dollar spent is over 1 USD for 13 out of 15 sites, 
whereas private returns only exceed 1 USD for one site. 

 
• South Gondar, Ethopia25 

o Brief description: A watershed rehabilitation program has been carried out that 
involves revegetation of hills and improved agricultural practices, as well as a 
supporting management plan. Plantings were designed with the multiple aims 
of providing soil and water conservation, fodder, construction and fuel material, 
and nutrient enrichment 

o Lessons learnt:  
 A strong business case for revegetation was identified. The results 

indicate that the benefits during the first 10 years after revegetation 
amounted to US$73,821 and US$374,008) for the smallest and largest 
of the rehabilitated watersheds, respectively, while the expenditure 
was US$17,701 and US$23,620. Benefits here are based on timber 
production and carbon sequestration; additional watershed services 
are excluded. 
 

• Sao Paolo, Brazil26 
o Brief description: This study evaluated how restoring forests as natural 

infrastructure can complement and safeguard the Cantareira Water Supply 
System, São Paulo's primary water source. In one of the analyses, the the 
InVEST Sediment Yield Model was used to select 4,000 ha of land for 
restoration, an amount considered a reasonable target for the Cantareira 
region. Of the total revegetated area, 25% was assumed to be restored through 
passive restoration and 75% through active restoration (planting) techniques, 
over a period of 10 years. 

o Lessons learnt:  
 The total cost of forest restoration was estimated to be $37 million. It 

was found that these efforts would avoid $106 million in sediment 
management costs over 30 years, in majority (+/- 90%) coming from 
water treatment costs savings as turbidity is reduced. 

 Other cost savings are achieved through reduced needs for dredging 
(+/- 9%) and depreciation related to infrastructure and equipment (+/- 
1%).  
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Riparian Restoration 
Intervention category: Restoration 

 

Description 

Riparian restoration is defined as the restoration of natural habitat that acts as an interface 
between land and water along the banks of a river, stream, or lake. It is also referred to as 
riparian buffers. Riparian restoration seeks to re-establish riparian functions and related 
physical, chemical and biological linkages between terrestrial and aquatic ecosystems. It 
comprises revegetation of riparian zones, which can be achieved through both an active and a 
passive approach. In the first case, vegetation is actively planted to achieve successful 
establishment of native riparian species, and any invasive species considered harmful are 
removed. In the second case, human-induced disturbances are reduced or hydrologic 
processes are restored to create the boundary conditions required for riparian vegetation, e.g. 
by reducing grazing pressure or restoring natural flood dynamics. Often, active and passive 
approaches are combined.1 

Water Security 
Challenges (WSCs) 
addressed 

Restoring hydrological processes is a primary objective of riparian restoration measures. More 
specifically, moderation of extreme events and water purification are typical aims.2 Reported 
impacts on WSCs include increased infiltration, groundwater recharge3 and water storage, 
though the impact on catchment scale is relatively small due to the limited surface area of the 
buffer strips4. Mitigation of peak flows leads to reduced risks of flooding of downstream areas. 
The potential for riparian restoration to reduce riverbank erosion is particularly high, as steeply 
sloped areas with sparse vegetation regain stability through the introduction of riparian grass 
and tree buffer strips with well-developed root systems. These root systems, as well as organic 
surface layers and understory vegetation, also act as physical and biological filters for runoff 
water and sediment that often contain nutrients and other agrochemicals.2,5 Vegetated buffer 
strips retain much of the sediment eroded elsewhere in the catchment, preventing it from 
reaching streams.4 

Type Impact Magnitude Depth of 
evidence base 

Water 
availability 

Groundwater 
recharge 

Increased mean annual 
groundwater recharge   

Dry season 
flows 

Maintained dry season 
flows   

Disaster 
risk Flood risk Reduced peak discharge   

Water 
quality 

Erosion and 
sedimentation 

Reduced on-site erosion 
and sediment yields   

Nutrients and 
pollutants 

Reduced in-stream nutrient 
and pollutant 

concentrations 
  

 



Other benefits 

What? How? 

Water temperature control Provision of shade which reduces thermal pollution.6 

Provisional ecosystem services Provision of food, fiber, timber, medicinal resources, etc.7 

Carbon sequestration Rapid accumulation of carbon in riparian biomass.8 

Habitats / biodiversity 

Increased habitat (connectivity) and enhancement of 
both terrestrial and aquatic biodiversity.9 Riparian areas 
are often particularly important corridors for terrestrial 
biodiversity. 

Recreation and tourism Increased aesthetic value and more pleasant 
environment (e.g. by providing shade).7 

Spiritual value Restoration of the natural situation that is often socially 
or culturally embedded in local communities.7  

Linkages to climate 
change 

Mitigation: Though spatial extents are typically small, carbon sequestration is an important co-
benefit of riparian restoration.  
Adaptation: Intensification of hydrological extremes is projected in many areas worldwide as a 
consequence of climate change. Riparian restoration projects contribute to mitigation of these 
extremes by reducing peak discharges and enhancing groundwater recharge and baseflow. 

Design-enabling 
conditions and typical 
constraints 

• Buffer effectiveness is approximately proportional to width.4 
• There is no clear upper limit for slope of riparian lands suitable for forest buffers, but 

steeper slopes might require wider buffers to be effective.4 
• Plant species and stock types selected for restoration efforts must be appropriate for 

the site characteristics and its hydrological dynamics.9 
• If applicable, landowners need to be engaged early in the process and willing to 

collaborate10. The typical shape of a riparian buffer area (long and narrow) means that 
potentially many stakeholders need to be on board. 

• Designing riparian restoration requires a certain understanding of future hydrological 
conditions, which are often highly uncertain. 11 

• Maintenance needs, depending on context12: 
o Management of weeds and removal of invasive species 
o Inspection after major storm events 
o Replant/reseed any areas where plants have died or been washed away by 

flood waters 



Relation to grey 
infrastructure 

 

Common risks and 
tradeoffs 

Practical cases report a (partial) failure of riparian restoration projects due to: 
• Occurrence of weeds13  
• Generation of woody debris, damaging vulnerable downstream infrastructure such as 

bridges 14. Potentially this debris also interferes with navigation. 

Monitoring opportunities 

• Status of the riparian vegetation can be monitored with satellite imagery, aerial photos 
and ground-truthing by field surveys14,15. Given the typically narrow spatial extents, high 
resolution imagery (<30m pixel size) is required. 

• Impacts on water quantity (dry season) can be monitored by measuring streamflow at 
downstream sites. 

• Impacts on water quality can be monitored locally by measuring concentrations of 
relevant parameters (e.g. nutrients or sediments) 

Implementation costs 
and timing of benefits 

Riparian restoration projects typically come 
with relatively high capital costs, related to 
land acquisition, preparation (e.g. slope 
stabilization), and planting of vegetation. 
Recurring costs comprise maintenance, 
monitoring of effectiveness, and land rent (if 
applicable). Additional costs that can be 
relevant are foregone income associated with 
land that cannot be harvested for forestry or 
agricultural purposes. For Oregon, USA, a 
synthesis compiled in 201016 reports total costs 
of $10,000 - $15,000 / acre for riparian 
restoration projects in urban areas, and around $ 5,000 / acre in rural environments, over a 15-
year period. On average, installation costs were estimated to be twice as high as total recurring 
costs during this period, which is a typical investment horizon considered in NbS projects17. 
Benefits of riparian restoration will accrue relatively soon after implementation, and will quickly 
increase while native vegetation is restored.  

Image  

Infrastructure Service provided by grey 
solutions Type or relation 

Water treatment infrastructure 
(chlorination, coagulation, 

flocculation, sedimentation, 
filtration) 21,22 

Water supply Complementary 

Alluvial dykes and dams23 River flood management Alternative 

Improved drainage systems, 
engineered flood protection21 

Stormwater management Complementary, Alternative 

Retaining walls, terraces23 
Preventing erosion and 

sedimentation / siltation of 
e.g. (hydropower) reservoirs 

Complementary, Alternative 

 



 
Riparian restoration in Pennsylvania – before and after (source: EPA) 

Examples 

Riparian restoration projects are relatively widespread and can be effectively implemented in 
many regions around the world. Some examples: 

• Thur and Töss Rivers, Switzerland18  
o Brief description: Sections of the rivers Thur and Töss in Switzerland were 

restored between 2000 and 2003. Restoration measures undertaken in the river 
Thur are mainly passive. In the river Töss, a combination of passive and active 
measures was used. Costs of restoration were estimated at around 3 to 4 million 
CHF per km of river. 

o Lessons learnt:  
 No previous study found such a strong improvement in social welfare 

and as high B/C ratios. Possible explanations are the high purchasing 
power in Switzerland and the strong environmental consciousness of 
the population 

 An increase in ecological benefits can lead to reduced recreational 
benefits and vice versa, thus it can be difficult to optimize benefits in 
both categories simultaneously. It can be necessary to set priorities 
involving trade-offs 

• Alderson Creek, Canada19 
o Brief description: Alderson Creek is a small stream located in British Columbia, 

Canada. The creek and riparian corridor are substantially degraded, with 
sinking stream banks, siltation of the watercourse, loss of native riparian 
vegetation, and loss of fish habitat. A project (total costs: USD 163,000) is being 
implemented that primarily involves installing land drainage and protecting and 
enhancing the riparian buffer area along the creek 

o Lessons learnt 
 Largest benefits result from improvement of cropland productivity, 

improved water supply & regulation (flood mitigation), carbon storage) 
and outdoor recreation 

 Net benefit increases with buffer width, up to a certain maximum 
• Sarapuí River, Brazil20 

o Brief description: Sarapuí River watershed is a particular case of an agricultural 
watershed close to very high- density urban areas like Sorocaba and Sao 

https://cfpub.epa.gov/watertrain/moduleFrame.cfm?parent_object_id=749


Paulo. The study uses simulation modeling to evaluate the role of riparian forest 
restoration on water quality in tropical agricultural watersheds. 

o Lessons learnt:  
 Riparian restoration can decrease sediment, nitrogen and phosphorus 

loads to local streams. Riparian restoration is therefore important to 
improve water quality in agricultural watersheds. 

 Management practices in specific sites need to be evaluated as a part 
of a watershed system perspective.  
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Wetland Restoration 
Intervention category: Restoration 

 

Description 

Wetlands protect and improve water quality, provide fish and wildlife habitat, store floodwaters and maintain 
surface water flow during dry periods. Restoration of wetlands provides renewal of wetlands that have been 
drained or lost due to anthropogenic activities. Wetlands that have been converted to other uses often retain 
basic soil and hydraulic characteristics, and can therefore be restored. In general, the best way to prevent 
further loss of ecological and economic value due to degradation of wetlands is by eliminating the pressures 
driving the loss and deterioration.1  

Wetland restoration involves the re-establishment of the hydrology, plants and soils of former or 
degraded wetlands that have been drained, farmed or otherwise modified. The integrated nature of a 
wetland system implies that a restoration project needs to take a holistic approach, including the 
reintroduction of native species (flora and fauna), to succeed. On-the-ground activities associated with 
wetland restoration can include excavation of upland soils, removal or installation of dams / dykes, removal 
of riverbed / bank reinforcement, and overall removal of barriers to support the re-establishment of natural 
hydrology.2 Existing drainage infrastructure such as underground tiles or open ditches need to be removed 
or plugged.3 Similar to other NbS, the process leading up to implementation of wetland restoration typically 
consists of collection of scientific information, collaboration with stakeholders, modeling of scenarios for 
feasibility, and preparation of an environmental assessment.4 

Water Security 
Challenges 
(WSCs) 
addressed 

Type Impact Magnitude Depth of 
evidence base 

Water 
availability 

Groundwater 
recharge 

Increased mean annual 
groundwater recharge   

Dry season 
flows 

Maintained dry season 
flows   

Disaster 
risk Flood risk Reduced peak discharge   

Water 
quality 

Erosion and 
sedimentation 

Reduced on-site erosion 
and sediment yields   

Nutrients and 
pollutants 

Reduced in-stream nutrient 
and pollutant 

concentrations 
  

 
The ability of wetlands to store large amounts of water, and release it slowly, plays a key role in the natural 
regulation of water quantity during periods of droughts and floods. An acre of wetland can store 3.8 to 5.7 
million liters of floodwater, thereby reducing the peak load on stormwater and wastewater systems.5 
Depending on their location in the watershed, wetlands can attenuate peak flows, minimizing the potential 
flood damage downstream and increase resilience to storms, thereby avoiding potential damage to grey 
infrastructure and human lives. Coastal wetlands provide these protective functions against coastal 
flooding, storm surges and sea level rise.6 Water retention by, and water supply from, wetlands differ widely 
between different ecological and climatological systems. By trapping sediments, wetlands also reduce 
downstream transport of sediments.1 



Wetlands contribute to water quality through their natural ability to filter effluents and absorb pollutants. 
Microorganisms in the sediment and vegetation in the soil help to break down many types of waste, 
eliminating pathogens and reducing the level of nutrients and pollutants in the water. 

Other benefits 

What? How? 

Water temperature control Provision of shade by vegetation 

Habitats / biodiversity Important habitats can be established for various bird species, fish 
populations and other wildlife1 

Carbon sequestration Vegetated wetlands can act as carbon sinks when CO2 is sequestered 
in biomass7 

Provisional ecosystem services Provision of food, fiber, timber, medicinal resources, etc8 

Recreation and tourism Increased aesthetic value and more pleasant environment 

Linkages to 
climate change 

Mitigation: Wetlands can sequester large amounts of carbon and therefore contribute to mitigation of 
climate change effects.16 However, the net effect of sequestering C in wetland soils can be offset by the 
emission of carbon in the form of CH4 as the result of anaerobic decomposition of organic matter.17 This 
tradeoff needs to be evaluated for case-specific circumstances. 
Adaptation: Intensification of hydrological extremes is projected in many areas worldwide as a 
consequence of climate change. Restoration of wetlands contributes to mitigation of these extremes by 
reducing flood risk and enhancing groundwater recharge and dry season flows. 

Design-
enabling 
conditions and 
typical 
constraints 

• Site-specific constraints considered in Ramsar guidelines for wetland restoration include 
consideration of the local context of natural resources, such as availability of water, landscape 
morphology, substrate characteristics, and presence of flora and fauna. There are several 
ecological constraints derived from climate, geomorphology, and various other characteristics of 
the catchment.9 

• Water resources allocation needs to match ecological water demand and be guaranteed in 
appropriate regulations.2 

• The historical range of conditions, prior to degradation of a wetland, needs to be well-understood 
to establish realistic goals for a wetland restoration project.10 

• Land acquisition is typically needed in case the wetland has been used for agricultural or other 
economically productive purposes. 11 

• Reported constraints for wetland restoration projects in the US include safety hazard concerns (due 
to a nearby located airport), engineering conflicts (impact on existing flood control channels), 
territorial disputes  and habitat displacement (related to deposition of dredge material produced in 
wetland restoration).4 

• Maintenance needs are typically kept minimal, especially as close-to-natural conditions are 
approached. However, the following maintenance activities can be required: 

o Regular inspection and maintenance of any dikes, berms, or water control structure that 
were needed for the wetland restoration12 

o Controlling non-native and invasive species, and herbivores13 
o Mowing, burning, or other activities reinstating / mimicking the natural disturbance regime13 
o Reducing or preventing human intrusion13 
o Controlling local pollutants13  



Relation to  
grey 
infrastructure 

Wetlands can provide significant support to traditional infrastructure for water treatment, water supply, 
drought mitigation and flood control (or even replace such grey structures). Often, water quality and quantity 
regulation services provided by wetlands are cost-competitive to those provided by conventional 
infrastructure solutions, while providing a wide range of socio-economic and biodiversity co-benefits.1 

Common risks 
and tradeoffs 

• Wetland degradation is often not just caused by one direct impact on-site, but rather by the 
cumulative effect of numerous, indirect impacts of upstream processes (e.g. affecting surface flow 
dynamics) which need to be taken into account in the restoration project.10 

• Invasive species may thrive in the nutrient-rich habitats, e.g. caused by seeds contained by flood 
waters.12 In general, if wetlands are being used for treating wastewater, benefits to biodiversity may 
be restricted as only highly tolerant species would be present. 

• Damage to any installed structures by nutria or beaver.12  
• Particularly in tropical regions: the creation of new habitats for mosquitos and thereby vector-borne 

disease risks.14 
• Not all types of pollutant reduction are well-documented in wetland restoration projects.3 
• There is also the potential for accumulation of toxic substances in wetlands, in effect turning 

wetlands into potential ‘hotspots’ where high levels of contamination can prove detrimental to 
wetland ecosystem functioning and health.15  

• In some circumstances, wetlands can contribute to natural processes that generate hazards. For 
example, wetlands may attenuate flood flows at the start of the rainy season when they are 
relatively dry, whereas they generate runoff and potentially contribute to flood flows later in the wet 
season under saturated conditions.3 

Monitoring 
opportunities 

• Status of vegetated habitats can be monitored with satellite imagery, aerial photos and ground-
truthing by field surveys.18,19 Different wetness indices can be computed from remote sensing 
imagery to monitor hydrological dynamics in wetlands.20  

• Impacts on water quantity (dry season) can be monitored by measuring streamflow and 
groundwater levels at downstream sites. 

• Impacts on water quality can be monitored locally by measuring concentrations of relevant 
parameters (e.g. nutrients or sediments) 

Implementation 
costs and 
timing of 
benefits 

Wetlands restoration in most cases involves a number of trade-offs, providing improved state of water-
related ecosystem services and livelihood options for some, while potentially eliminating sources of income 
for others. In the long term, benefits are usually enjoyed by the majority of stakeholders.1 An extensive 
review of costs of wetlands restoration activities yields a wide range, roughly from thousands to hundred 

Infrastructure Service provided by grey 
solutions Type of relation 

Ditches, water distribution systems Rewetting of wetland Complementary 

Water treatment plant Primary water treatment Alternative 

Dams and levees Flood control Alternative 

 



thousands of €/ha.21 The type of wetland ecosystem 
plays an important role in determining costs, with 
coastal systems often more expensive to restore. 
Although restoration costs can be substantial and 
require long-term investment, resulting benefits 
(economic and otherwise) are high and often outweigh 
such costs.22,23 It generally takes time for the benefits 
from restoration efforts to accrue, as wetland 
ecosystems generally do not recover quickly.21  

 
Restoration of the Ciobarciu wetland in Romania (source: CEEweb for Biodiversity) 

Examples 

Although wetlands occur in a high number of river basins worldwide, (scientific) literature documenting 
restoration efforts is dominated by North America and Western Europe.23 Some examples are listed below: 
 
Cambridgeshire, United Kingdom24 

o Brief description: A long-term restoration initiative to convert drained, intensively farmed 
arable land to a wetland habitat mosaic aims to prevent biodiversity loss from the nationally 
important Wicken Fen National Nature Reserve  and to increase the provision of ecosystem 
services. Activities include land purchase, fencing, re-engineering of ditches, as well as 
various maintenance actions. 

o Lessons learnt:  
 Net gain to society as a whole is computed at $199 / ha /yr, for a one-off investment 

in restoration of $2320 / ha. Benefits relate to WSCs (flood protection) as well as 
co-benefits such as GHG emission reductions, recreation, and grazing. 

 
Illinois River, United States25 

o Brief description: The 1,052 ha Hennepin and Hopper Lakes Restoration Project along the 
Illinois River aims to restore the site’s wetlands, prairie, savanna, and two lakes and 
thereby reestablish biodiversity on former corn and soybean fields in the Hennepin 
Drainage and Levee District. Restoration was initiated in 2001 by turning off the drainage 
district’s pumps but retaining the levees and other drainage structures in order to exclude 
multiple flow paths to and from the river. Water is withdrawn from the river and passed 

https://www.google.com/url?sa=i&url=http%3A%2F%2Fwww.ceeweb.org%2Fmilvus-restores-wetland-in-romania%2F&psig=AOvVaw1uOrkVAKMZ__ORRkHR80S7&ust=1627907616746000&source=images&cd=vfe&ved=0CAwQjhxqFwoTCMj6of_qj_ICFQAAAAAdAAAAABAD


through the restored wetland complex. Water quality is improved through reestablishing 
wetland functions that reduce nutrient, silt, and sediment loads to Illinois River. Estimated 
annual net benefit is US$1,827 per ha of restored wetland, and estimated total net benefit 
for the entire project area is US$1.83 million. 

o Lessons learnt:  
 Declines in income due to reduced production of corn and soybean are well below 

the benefits gained from wetland restoration, over a 20-year period. 
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Floodplain Restoration 
Intervention category: Restoration 

 

Description 

Although representing less than one percent of the earth’s land surface, river floodplains provide nearly 
25% of overall terrestrial ecosystem services, with primary benefits including attenuation of flood flows, 
fisheries productivity, groundwater recharge, and water purification.1 The natural functionality of floodplains 
has however been compromised in many areas, due to land drainage, intensive urbanization and river 
channelization. Floodplain soils are generally very fertile and have often been drained for agricultural 
purposes. Floodplains in many places have also been separated from the river by structures designed to 
control the flow of the river.2 However, levees close to the channel come with several disadvantages, as 
they suffer from erosion due to high-velocity water (and thus require high maintenance costs), strongly affect 
natural habitats along river edges, often increase flood risks upstream and downstream of levees, and are 
prone to failures.3 

When restoring river floodplains, the objective is usually to restore their retention capacity and 
ecosystem functions by reconnecting them to the river. Typical interventions include modification of the 
channel, removing of any legacy sediment, creation of (oxbow) lakes or ponds, modification of agricultural 
practices, revegetation, wetland creation, invasive species removal, and riparian buffer installation and 
development.2 Levees can be moved away from the channel to allow for more natural flood dynamics, 
and/or flood bypasses can be created to reconnect large portions of historical floodplain to the river for 
inundation under high-water conditions.4,3 

Water Security 
Challenges 
(WSCs) 
addressed 

Reduction of flood risk is a major water security benefit provided by ecologically well-functioning 
floodplains.5 By increasing conveyance through a section of a river, floodplain restoration can relieve 
“bottleneck” points on a river where floodwaters would tend to back up and potentially cause flooding.6 
Water storage is enhanced as river water spills into the floodplains. Retention can be improved by breaches 
in summer dikes, by-pass channels and oxbow lakes in the floodplain.2 The greater roughness of vegetated 
floodplains reduces flow velocity. During overbank flooding, a portion of floodwaters can percolate into the 
shallow groundwater, depending on geology and presence of (potentially impervious) legacy sediments.7 
Land use changes associated with floodplain restoration (from artificial or agricultural to forest or wetland) 
typically increase annual evapotranspiration, thus increasing local humidity and regulating temperature. 

Type Impact Magnitude Depth of 
evidence base 

Water 
availability 

Groundwater 
recharge 

Increased mean annual 
groundwater recharge   

Dry season 
flows 

Maintained dry season 
flows   

Disaster 
risk Flood risk Reduced peak discharge   

Water 
quality 

Erosion and 
sedimentation 

Reduced on-site erosion 
and sediment yields   

Nutrients and 
pollutants 

Reduced in-stream nutrient 
and pollutant 

concentrations 
  

 



Increased soil organic matter content and enhanced soil structure further improve access to water for the 
vegetation. 

Floodplain restoration will help to recover natural erosion and sedimentation processes in the river, by 
increasing deposition of fine sediment on the floodplain and reducing siltation of the channel. By reducing 
flood intensity, floodplain restoration decreases streambed and bank erosion during extreme events. River 
morphology may change as the water and sediment discharge conditions are restored.2 

Another effect of sediment deposition in floodplains is the reduced nutrient load in the river, as 
substances adsorbed to sediment particles are removed from streamflow. This could improve water quality 
of downstream water bodies. Biogeochemical processes within floodplain wetlands, such as denitrification, 
can also reduce nitrogen loads in river water. A review of field studies across North America and Europe 
found that floodplain restoration resulted on average in removal of nitrate-N (NO3−-N) of 200 kg-N ha−1 yr−1 
and of total particulate P of 21 kg-P ha−1 yr−1.8 

Other benefits 

What? How? 

Water temperature control2 Trees and shrubs help shade the stream, keeping it cooler and 
healthier for aquatic wildlife. 

Provisional ecosystem services9 Provision of food, fiber, timber, medicinal resources, etc 

Carbon sequestration9 
By increasing biomass volumes, floodplain restoration measures 
have an impact on CO2 absorption and retention. Carbon is also 
stored in the soil profile. 

Enhanced aquatic habitat 

Floodplain restoration has a positive impact on baseflow and other 
aquatic habitat conditions, enabling recovery of the aquatic 
ecosystem and increased fish populations. Leaf litter from riparian 
woody plants provides food for macroinvertebrate life in the stream. 

Enhanced terrestrial biodiversity2 

Floodplain restoration, especially when involving invasive species 
removal and reintroduction of native species, improves terrestrial 
habitat conditions. This can attract butterflies, birds, and other wildlife 
species. A greater area on the river side of the levee allows for more 
room for meandering and development of wetlands and forests. 

Recreational, aesthetic value9 Creation of a more pleasant environment and opportunities for 
recreation. 

Other beneficial uses (in case of 
flood bypasses)7 

As flood bypasses are only inundated during floods they can be used 
for a variety of economic activities, such as agriculture, with land use 
varying with inundation frequency. 

Linkages to 
climate change 

Mitigation: Carbon is stored in above-ground biomass, dead organic matter on the ground surface, as well 
as in the soil profile through C-burial. 9 At the same time, the case-specific effects of water level fluctuation 
on GHG emissions during cycles of drying and rewetting need to be well-understood to balance 
environmental benefits of floodplain restoration.14 
Adaptation: Floodplain restoration contributes to climate adaptation through its significant attenuation of 
peak flows and, thus, flood risk. Increased presence of vegetation mitigates temperature increases through 
enhanced transpiration and provision of shade. 

Design-
enabling 
conditions and 
typical 
constraints 

• Catchments need to be of sufficient size to allow for formation of river floodplains. As a 
consequence, floodplain restoration is more applicable to downstream sections of river basins. 

• Budgetary constraints can arise if artificial / built-up features are present in the floodplain, which 
need to be removed.2  



• Land may need to be acquired to proceed with the implementation of restoration measures, 
potentially from a large amount of (agricultural) land owners, or other ways need to be found to 
work with farmers to allow for temporary inundation of farmland.10  

• The slope of the river and of the floodplains is one of the most important variables when evaluating 
the floodplain retention potential11  

• Connecting floodplains on small-order streams may not provide enough retention time for impactful 
nutrient removal.8 

• The potential for denitrification in floodplains is related to flood frequency, with a demonstrated 
higher potential in areas that are more frequently flooded.8 

• From an ecological perspective, the management and maintenance activities must be kept minimal 
to enable the long-term natural development and succession. Depending on the context, the 
following maintenance activities may be relevant12: invasive species removal, renewed excavation 
or dredging of excess sediments, or grazing management. 

Relation to grey 
infrastructure 

 
Common risks 
and tradeoffs 

• Rapid growth of invasive species in the nutrient-rich habitats, e.g. caused by seeds contained by 
flood waters13 

Monitoring 
opportunities 

• A comprehensive review of different methods for monitoring effectiveness of floodplain restoration 
is available.15 Suitability of different techniques (field surveys, UAVs, LiDAR16, satellite remote 
sensing) is found to vary with spatial extent of the restoration project. 

• Key physical parameters that need to be monitored with these techniques, from a WSC perspective, 
include channel and floodplain morphology, sediment concentration and deposition, water quality, 
and riparian vegetation.15 

• Downstream discharge can be monitored with flow gauges to evaluate impact of floodplain 
restoration measures. 

Implementation 
costs and 
timing of 
benefits 

The primary capital costs for levee setbacks are the 
removal and construction of levees. Costs of 
establishing a flood bypass at any location consists of 
the investment needed in construction works, as well as 
any costs associated with easements or title for land to 
ensure access to the floodplains.3 Floodplain restoration 
costs are highly variable with e.g. land prices. Across 
Europe, a cost range from approximately $10,000 to 
$800,000 per hectare is reported.17 In the Sigmaplan 
floodplain restoration project (Scheldt Estuary, Belgium 
and The Netherlands), land acquisition costs were 
€700,000 / ha for residential areas, €24,000 / ha for 

Infrastructure Service provided by grey 
solutions Type of relation 

Embankments7 Flood control 

Complementary (effectiveness of 
natural floodplains can influence 

required dimensions of flood 
control structures), Alternative 

Sluice gates7 
Existing small sluices can be used 
to prolong inundation duration of 

floodplains  
Complementary 

Water treatment plants3 Water purification Complementary, Alternative 

 



industrial areas, €12,000 / ha for recreational area, and €10,000 / ha for high-value crops. Other capital 
costs included dike heightening and other engineering costs, amounting to 10% of total investment. 
Recurring costs from maintenance were only 0.5-1.5% of investment costs.2  

Although overall costs can be substantial, they are often counterbalanced by benefits from avoided 
grey infrastructure investments.6 The floodplains store flood waters and lower flood levels, thus potentially 
lowering the cost and/or improving the resilience of built solutions, such as flood control embankments, 
sluice gates, and pumping stations.7 Avoided economical damage from floods can be many times higher 
than overall investment, particularly in economically active urban areas.3 Even if only nutrient retention 
effects are considered,  these may economically justify required dike realignment investments in many 
cases.18 

Image 

 
Lower Dungeness River floodplain Restoration, before and after (source: Clallam County, Washington) 

Examples 

Well-documented floodplain restoration projects, often implemented on large scales, are especially 
available from the United States and Europe. Some examples are given below: 
 

• Lake Champlain Basin, Vermont and New York, United States19  
o Brief description: The costs and benefits of floodplain protection were evaluated based on 

ecosystem service valuation, buildout/conservation analysis, hydrologic calculations of 
current existing peak flows and predicted future peak flows, hydraulic modeling of 
floodplains, building damage simulations due to flooding, and a cost‐benefit accounting to 
determine what form of flood risk reduction makes sound economic sense. 

o Lessons learnt:  
 Each of the Towns in this study has a large base value of ecosystem services 

delivered from floodplains over a 50‐year timeframe:  $38.1 million to $216.3 million 
in Waterbury, Vermont and $4.5 million to $37.0 million in Willsboro, New York. 
These benefits are especially provided by addressing WSCs through erosion 
control and flood mitigation. 

 Floodplain restoration in strategic locations reduces damages and allows flood 
mitigation activities to work more effectively. The proposed floodplain restoration in 
Waterbury decreases existing annual building damages by ~20%, leading to an 
overall reduction of $2.6 million dollars of simulated damage for a single modeled 
heavy tropical storm flood event.  

 All considered mitigation activities reduced building damages for both today’s 
floodplains as well as those predicted in 2065. The more naturally functioning 

http://www.clallam.net/dcd/DungenessFloodplainRestoration.html


floodplain that exists, the lower the damages to buildings in the floodplain due to 
enhanced flood mitigation.  
 

• Danube River Basin, Serbia, Slovenia, Slovakia9 
o Brief description: The benefits of floodplain restoration in terms of monetized ecosystem 

services (ES) in three study areas of the Danube catchment were estimated. Activities 
considered include cleaning and widening connecting channels between the river and 
lakes, deepening existing oxbows and channels, excavating new channels, and riverbed 
deepening. A total net gain was found of approximately 1.5 million USD/yr in Begecka 
Jama, 237,000 USD/yr in Krka, and 3.1 million USD/yr in Morava. 

o Lessons learnt:  
 Important benefits that are relatively consistent through the three areas include 

carbon sequestration and water-based recreation. 
 The different configuration of measures across the three catchment yields very 

different results regarding benefits from flood risk reduction and nutrient filtering. 
This shows that the case-specific situation needs to be well-analyzed in the design 
of floodplain restoration projects to address WSCs. 
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Agricultural Best Management Practices 
Intervention category: Management 

 

Description 

Agricultural Best Management Practices (BMPs) are strategic interventions in agricultural 
systems that are designed to reduce environmental impacts. They can entail a range of different 
practices, which typically are most effective when combined. Agricultural systems that 
rehabilitate or conserve ecosystem services can be as productive as intensive, high-input 
systems, but with significantly reduced harm to the agro-ecosysem both at the field and 
watershed levels.1 Categories of agricultural BMPs that are particularly capable of addressing 
Water Security Challenges are: 
 

• Conservation Agriculture (CA) has three basic approaches: minimum soil disturbance 
through reduced or zero tillage, permanent soil cover by growing cover crops in 
otherwise fallow periods, and crop rotation. These practices can enhance biodiversity 
and natural biological processes above and below the ground surface, contributing to 
increased water and nutrient use efficiency and to improved and sustained crop 
production.2 

• Incorporating trees into croplands is done by, for example, practicing alley cropping 
or creating windbreaks. Agroforestry practices can increase ground cover, provide 
shade, diversify farm income, improve soil structure and infiltration, decrease erosion 
by water and wind, and enhance biodiversity.2  

• Vegetative strips (trees and/or grasses) at edges of fields reduce amount of sediment, 
organic matter, nutrients and pesticides before runoff enters a surface water body.1 

• Nutrient management practices for managing application of organic manures and 
composts intended to improve soil fertility. These practices simultaneously enhance soil 
structure, water infiltration and percolation, while avoiding excessive fertilizer use.2 

Water Security 
Challenges (WSCs) 
addressed 

Factors such as the location, climate, crop type, type and amount of fertilizer applied, local 
cropping practices, type of irrigation systems (if any), and institutional constraints are a few of 

Type Impact Magnitude Depth of 
evidence base 

Water 
availability 

Groundwater 
recharge 

Increased mean annual 
groundwater recharge   

Dry season 
flows 

Maintained dry season 
flows   

Disaster 
risk Flood risk Reduced peak discharge   

Water 
quality 

Erosion and 
sedimentation 

Reduced on-site erosion 
and sediment yields   

Nutrients and 
pollutants 

Reduced in-stream nutrient 
and pollutant 

concentrations 
  

 



the drivers that determine the overall impact of agricultural BMPs. Available literature on WSC 
impacts of agricultural BMPs is largely focused on water quality benefits. 

Enhanced infiltration and percolation under BMPs affect the partitioning between surface 
runoff and groundwater recharge, where the latter is typically enhanced. This can also positively 
affect baseflows, although a counterbalancing effect of increased annual evapotranspiration 
from cover crops can lead to an overall negative annual water yield.3 The reduction of surface 
runoff also leads to decreased flood risk under extreme rainfall.4 

With regards to water quality, less nutrients and pollutants are transported to water bodies 
due to more efficient fertilizer use and in-field measures to enhance sediment deposition. A 
comprehensive review of impacts involving (different combinations of) agricultural BMPs found 
3–85% reductions in total nitrogen, up to 79% reductions in total phosphorus, and up to 90% 
reductions in total suspended solids.5 The variability of achieved impacts is large, and depends 
on the factors outlined above. 

Other benefits 

What? How? 

Enhanced biodiversity (terrestrial)6 Agroforestry provides habitat for species and supports 
connectivity. 

Enhanced biodiversity (aquatic)7 Increased fish species richness and abundance. 

Improved air quality 
Management of soil nutrients can reduce ammonia and 
nitric oxide emissions.8 Tree planting helps capture 
airborne particles and pollutant gases.9  

Increased opportunities for 
recreation, and health benefits8 

These are potential additional benefits of improved water 
quality downstream. 

Linkages to climate 
change 

Mitigation: Presence of trees and cover crops enhance biomass volumes, increasing carbon 
sequestration in the vegetation as well in the underlying soil.2  
Adaptation: Agroforestry practices provide shade and reduce local temperature due to 
enhanced transpiration. Agricultural BMPs reduce surface runoff during (heavy) rainfall events, 
regulating both water quantity and quality on the watershed scale.10 The potential of agricultural 
BMPs to increase soil water holding capacity can also be viewed as an adaptation benefit in 
contexts where more erratic rainfall is projected, although this may be offset to a certain extent 
by increased evapotranspiration. 

Design-enabling 
conditions and typical 
constraints 

• The effectiveness of BMPs to address WSC depends on several factors: proper 
implementation and maintenance, local environmental factors such as geology, soil type 
and properties (especially erodibility), precipitation regime, depth to groundwater, slope 
of the land, farming practices (including the crop types), and the spatial and temporal 
extent of irrigation, rotation, and fertilizer use5 

• Effects of hydrogeology and climate on timing and magnitude of downstream water 
quality impacts can be summarized as follows: 11 

o The hydrological pathway for delivering the effect. Often the measure is not 
implemented directly adjacent to the water resource, and therefore the outcome 
is impacted by overland flow (particulate pollutants), a combination of overland 
and subsurface flow (dissolved pollutants),·infiltration to groundwater and 
groundwater flow (e.g. nitrate). 

o The path travel rate: fast (e.g., ditches and artificial drainage outlets to surface 
waters), moderate (e.g., overland and subsurface flow in porous soils), slow 
(e.g., infiltration in absence of macropores and groundwater flow),  very slow 
(e.g., transport in a regional aquifer).  



o Precipitation regime: wet periods generally increase volume and rate of 
transport, dry periods generally decrease volume and rate of transport. 

• BMPs require maintenance to continue providing the expected level of efficiency. For 
example, trees must be maintained to ensure they survive past seedlings and young 
trees, more trees may be needed over time, harvesting may be necessary, and invasive 
species and weeds must be monitored and managed. Cover crops must be planted and 
maintained on a regular basis to ensure continued effectiveness.5,12 

Relation to grey 
infrastructure 

 

Common risks and 
tradeoffs 

• Depending on species and management, alley cropping practices may be prone to 
weeds, potentially impacting crop productivity.13 

• Other factors (off-farm) on the watershed scale may impact services delivered by the 
BMPs, such as changes to upland and/or upstream land uses, dams, stormwater, and 
non-point and point source pollution5 

• If not properly managed, BMP impacts can be affected by invasive species.14  
• In particular cases, low and no-till agricultural practices have resulted in significant 

increases in pesticide usage, negatively affecting water quality and freshwater 
biodiversity.15   

• In some cases, there is a potential of decreased crop yield compared to intensive 
farming systems.  

Monitoring opportunities 

• For analyzing vegetation across larger agroforestry projects, satellite remote sensing or 
UAV’s can be used for assessing vegetation health, tree cover, or species 
identification.16,17  

• The spatiotemporal dynamics of impacts of agricultural BMPs, driven e.g. by climate 
and watershed characteristics, pose a challenge to proper monitoring. An integration of 
edge of field monitoring with more regional approaches (GIS and /or modelling) is 
required. For evaluating water quality effects, long-term regional-scale measurements, 
statistical analyses techniques and spatial modelling are often used.18 

• In-stream flow and water quality can be monitored with field equipment to evaluate 
impacts of agricultural BMPs. 

• Water-related monitoring should be combined with agricultural metrics, such as yield 
per hectare from crop cuts, to relate WSC aspects to agricultural productivity. 

Infrastructure Service provided by grey 
solutions Type of relation 

Controlled drainage 
structures12 

Short-term water retention Alternative 

Grade stabilization 
structures12 

Reduced erosion from 
hillslopes 

Alternative 

Efficient irrigation systems, 
e.g. drip irrigation 

Reduced water demand (only 
effective if “freed up” water is 

not abstracted) 
Complementary 

 



Implementation costs 
and timing of benefits 

Cost patterns of agricultural BMPs vary. For 
example, costs for cover crops usually include 
seed, planting (labor), fuel, and any herbicide 
or spraying. Except for seed and any site 
preparation costs, these are mostly recurring 
costs. Overall installation costs in Minnesota, 
US are estimated between 80-100 USD/acre.12 
Similarly, for nutrient management, operation 
and maintenance expenses such as fuel for 
management activities, repairs, and periodic 
soil and site sampling, make up a relatively 
large part of total costs. 

Timing of benefits from BMPs varies significantly per activity. For example, once excessive 
manure application is avoided, this results in a direct reduction of in-stream fecal bacteria loads. 
However, measures relying on establishment of plant communities can take up to ten years 
before the desired benefit is achieved.11 

Image 

 
Alley cropping (source: USDA National Agroforestry Center). 

Examples 

Documentation of agricultural BMPs implementation, including quantitative information on costs 
and benefits, mostly focuses on farm-level analyses rather than considering the full watershed 
scale. Studies and reports that do incorporate downstream WSC impacts primarily focus on 
water quality aspects such as reduced nutrient loads and sediment yield. Some examples are 
provided below: 
 

• Illangama watershed, Ecuador19 
o Brief description: Over a period of 4 years, the impact of several agricultural 

BMPs (surface water deviation ditches, reduced tillage, residue retention, 
efficient application of N, improved crop rotation) on crop productivity and 
economic returns was analyzed.  

o Lessons learnt:  

https://www.flickr.com/people/139938511@N02/


 For the potato-pasture systems on these Andean high-altitude soils, 
conservation agriculture increased yields and saved on production 
costs due to less tillage. Net economic benefits increased by 24% 
following adoption of agricultural BMPs. 

 Off-farm benefits were generated in the form of reduced erosion and 
reduced impacts from erosion on water quality downstream, but these 
were not incorporated in the assessment of economic returns. 

 
• Maumee River Basin, Indiana, United States20  

o Brief description: A comprehensive modelling study was performed involving a 
range of BMPs, including cover crops, filter strips, grade stabilizations, no-till, 
and nutrient management. The impact on downstream total phosphorus load of 
different BMP arrangements was evaluated both biophysically and 
economically. 

o Lessons learnt:  
 Yearly costs per kg of reduced total phosphorus were estimated at 

USD19, USD135, and USD77 for filter strips, cover crops, and nutrient 
management, respectively. 

 It is important to consider the effectiveness of BMPs also on seasonal 
timescale, due to dynamics of climate and vegetation growth. 

 Pollutant reductions for multiple BMPs in series cannot simply be 
estimated from individual reductions added together. 
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Ranching Best Management Practices 
Intervention category: Management 

 

Description 

Best Management Practices (BMPs) in ranching often aim to maintain or improve water quality through 
maintaining and/or improving grazing management practices, range structures (e.g. access roads, water 
developments, fencing, grade stabilization, etc.), or land treatments (e.g. brush management, range 
seeding, edge of field treatments, etc.).1 Related measures include: 
 

• Grazing management2 is the active management of how animals graze on pasture. This may 
concern the concentration of animals per hectare (intensification) or the system being used to 
control the timing of grazing, such as through rotational grazing. 

• Silvopasture3 typically involves using rotational grazing to combine forestry and grazing of 
domesticated animals in a mutually beneficial way.  

• Fencing2 consists of installing physical barriers to protect water bodies from potential pollutants 
that may result from livestock accessing them.  

• Brush management4 and other forms of land treatment which affect vegetation composition or 
productivity, such as range seeding and edge of field treatments. 

Water Security 
Challenges 
(WSCs) 
addressed 

Ranching BMPs typically reduce sediment and nutrient loadings (e.g. phosphorus, nitrogen) and 
potentially harmful pathogens from livestock waste in order to protect or restore a water body impacted 
by ranch operations1. Introduction of several ranching BMPs for a case in the western US achieved a 
reduction of 13% for Total Dissolved Solids (TDS).5 

Brush management can protect soils, control erosion, reduce sediment, improve water quality, and 
enhance stream flow. The roots of brush species usually extract water from greater depths than grasses, 
and brush control can reduce the total amount of water used by vegetation. Proven effects of brush 
removal on different aspects of rangeland hydrology include the amount of rainfall that is intercepted 
and held by the plant leaves, surface runoff, spring flow, water use by individual plants and plant 
communities, fluctuation of shallow water tables, and streamflow.4 

Rotational (grazing only one portion of pasture at a time) allows the rest of the pasture to recover. 
This practice can help forage plants rebuild and deepen their roots to improve the health and longevity 

Type Impact Magnitude Depth of 
evidence base 

Water 
availability 

Groundwater 
recharge 

Increased mean annual 
groundwater recharge   

Dry season 
flows 

Maintained dry season 
flows   

Disaster 
risk Flood risk Reduced peak discharge   

Water 
quality 

Erosion and 
sedimentation 

Reduced on-site erosion 
and sediment yields   

Nutrients and 
pollutants 

Reduced in-stream nutrient 
and pollutant 

concentrations 
  

 



of the soil.2 By potentially reducing soil compaction, natural water infiltration can be maintained, 
impacting groundwater recharge and dry season water availability. Buffer strips can be installed to avoid 
livestock manure from reaching streams.6 Silvopasture can help protect soil from water runoff, erosion, 
and nutrient depletion.7  

Other benefits 

What? How? 

Carbon sequestration 

Carbon is stored in the different compartments of 
silvopasture (soil, grass and tree) enabling design of 
climate-smart agriculture.3 Grazing and brush management 
also helps to maintain soil carbon. 

Sustainable livelihoods 

Integrating trees, forage, and livestock creates a land 
management system that reduces economic risk and a 
relatively constant income from livestock sale and selective 
sale of trees and timber products.8  

Climate stabilization 

Trees provide shade or wind protection and have a cli- 
mate-stabilizing effect to reduce heat stress and wind-chill 
of livestock. The direct cold effect can be reduced by 50% 
or more and wind velocity reduced by as much as 70%.8 

Biodiversity Improved habitat for wildlife.9 

Aesthetic quality Silvopastures provide an attractive landscape with an 
aesthetically pleasing “park-like” setting.8 

Linkages to 
climate change 

Mitigation: Incorporation of trees in ranching practices improves sequestration of carbon (C) in both 
above ground biomass and in the soil. Benefits from carbon storage in soils are often overlooked but 
can be significant in improved tree-based practices13,14 
Adaptation: Ranching BMPs can effectively regulate hydrological conditions, which are generally 
predicted to become more erratic under climate change.15 Silvopastoral systems provide climate 
stabilization benefits.8 

Design-enabling 
conditions and 
typical 
constraints 

• When making tree and forage crop selections in silvopasture, potential markets, soil type, 
climate conditions, and species compatibility need to be considered.8 

• Silvopastoral systems can require a relatively large land base to sustain timber and livestock 
production continuity.8 

• Appropriate grazing systems depend on climate, terrain, tree species, tree age, other 
vegetation, kind of livestock, labor requirements, and extent of fencing, water supplies, and 
supplementary equipment.8 

• Tree pattern is an important factor for silvopasture success. Trees can be evenly distributed 
over the area to optimize growing space and light for both trees and forage. Alternatively, 
grouping trees into rows or clusters concentrates their shade and root effects while providing 
open spaces for pasture production.8  

• Brush control in upland areas is unlikely to increase significantly water yields if soils and 
geologic formations are not conducive to increased runoff and/or subsurface flows to streams 
or to aquifers.4  

• Policies may need to include financial incentives for land owners to engage in brush control that 
exceeds their preferred amount.11  

• Grazing management should carefully arrange periods of grazing and recovery. Enabling 
conditions regarding recovery processes are plant type, timing in growing season, geomorphic 
setting, time since a major disturbance (flood or fire).2 

• Maintenance needs: 



o In brush management, regrowth of brush and herbaceous vegetation should be 
controlled so that it is less dense and more shallow rooted than the pretreatment 
vegetation.4 

o Livestock grazing should be intensively managed.8 
o Fences and any other developed structures need to be maintained. 

Relation to grey 
infrastructure 

 

Common risks 
and tradeoffs 

• The greatest risk in range seeding lies in the uncertainties of predicting rainfall and other 
conditions at planting and during the establishment period. 

• Depending on livestock type, age, and tree species present, livestock can damage trees. Both 
browsing of newly planted seedlings and debarking of well-established trees may occur, 
compromising their survival and growth3  

• There can be a risk of limited effectiveness of brush control due to an insufficient understanding 
of hydrogeology.10 

Monitoring 
opportunities 

• Downstream impacts of ranching BMPs on streamflow, spring flow and water quality can be 
measured with various sensors 

• Satellite-derived vegetation maps can support monitoring of vegetation status and regrowth. 

Implementation 
costs and timing 
of benefits 

Initial establishment costs in silvopasture include site 
preparation, seedling cost, labor associated with 
planting, and fencing. Typically, costs for establishing 
a silvopasture system in an existing pasture in the 
southeastern US is around $100-150 per acre12. 
Recurring costs include seeds, herbicides, labor, 
equipment, livestock management, and maintenance 
of fences and other structures. 

Grazing management for specific objectives 
generally involves input of labor and materials as well 
as opportunity costs from forgone animal production. 
Investment in up-front labor and materials for 
developing infrastructure, such as fenced pastures, can reduce ongoing labor costs. The cost of fence 
building and maintenance varies by location, soils, terrain, and climate.2 

In brush management, often removal of 90-95% of the brush species is required. Costs vary 
significantly with the vegetative type, the density of brush, size of brush, method or methods of brush 
removal selected, soils, number of acres treated and topography. Thereafter, regular maintenance is 
required to prevent re-infestation by brush species, at relatively substantial annual cost. A review of 
different treatment techniques in Texas showed costs of between 10-90 USD/acre, with intervals varying 
between 5-15 years.17 

Even when only private economic benefits to ranches are considered, introduction of ranching 
BMPs is often beneficial. A study in northeastern Oregon showed that the effect of a range of BMPs 
yielded annual net returns to the ranch ranging between $4,500 and $11,000 depending on cattle prices 
and precipitation levels.16 In cases where private benefits are insufficient to justify investment, the 

Infrastructure Service provided by grey 
solutions Type of relation 

Off-stream water development, 
road and stream-crossing 

improvements5 
Improved distribution of livestock Complementary 

Water treatment facilities Improved water quality Alternative, Complementary 

 



financial case generally becomes much more favorable when public benefits are considered.17 Well-
managed grazing provides economical control of weeds and brush.8 

Image 

 
Silvopastoral plot in Colombia (source: CIAT) 

Examples 

The literature on case studies describing ranching BMPs is dominated by US systems, particularly those 
located in the south of the country. However, large-scale livestock ranches are abundant in other parts 
of the world, notably in South America, where sustainable practices are increasingly being adopted. 
Below some examples are listed: 
 
Misiones and Corrientes Provinces, Argentina  

o Brief description: Small-, medium- and large-scale farmers in northeast Argentina’s are 
adopting silvopasture systems to a moderate extent, either through individual decisions, 
or spurred by extension education and financial subsidy payments. Costs, benefits, and 
motivations of farmers were evaluated in a study. 

o Lessons learnt:  
 In this setting, farmers appreciated most the microclimate benefits provided for 

livestock management, followed by the economic benefits. 
 Due to relatively limited capital costs, also small-scale farmers continue to 

adopt to sustainable silvopasture systems. 
 
Missouri, United States 

o Brief description: Costs and benefits of silvopasture systems were evaluated for three 
individual farms. Implemented measures include rotational grazing systems, fencing, 
and (for one site) site clearing and establishment costs. Maintenance and establishment 
costs are provided per acre for each site. 

o Lessons learnt:  
 Despite the differences between the three sites, similar benefit to cost ratios 

with magnitude 3 - 4 are calculated for all sites, showing the profitability of 
silvopastoral practices to the ranches. 

 Included benefits do not involve public benefits and impacts on WSCs, which 
would like include the benefit to cost ratios considerably.  

https://colombiagrasslands.com/2020/05/16/more-sustainable-beef-production-from-silvopasture-in-colombia/
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Forestry Best Management Practices 
Intervention category: Management 

 

Description 

Forestry Best Management Practices (BMPs) are practical methods in forest management to 
achieve goals related to water quality, water quantity, silviculture, wildlife and biodiversity, aesthetics, 
and/or recreation. This factsheet relates mainly to water security impacts of forestry BMPs in natural 
as well as planted forests. Natural-forest silviculture can be defined as the practice of controlling the 
establishment, growth, composition, health and quality of natural forests to meet diverse needs and 
values. Similarly, although they are often established primarily for timber production, sustainably 
managed planted forests have the potential to provide important social and environmental benefits.1 
To realize these benefits, it is important that planted forests are responsibly managed using best 
practices.2 Certification schemes such as FSC aim to ensure sustainable forestry that integrates 
environmental, social, and economic benefits. 

A sustainable forestry management plan prescribes the silvicultural operations required to 
ensure that forest management adheres to sustainable development principles. Commonly included 
practices are canopy alterations to induce natural regeneration, the harvesting of mature trees, 
planting, and thinning to improve timber quality and stand growth. Suitability of these measures for 
enhancing sustainability of the natural ecosystem should be evaluated in the local context; for 
example, some forests are dense by nature and excessive thinning may have adverse impacts. 

Water Security 
Challenges (WSCs) 
addressed 

Literature on WSC impacts (particularly related to water availability) is inconclusive and difficult to 
generalize, particularly for areas outside the United States. Impacts of forestry BMPs on water 
availability differ across geographies and climates. A synthesis of the impact of ecologically-based 
forest thinning on water yield across the US showed a linear increase in annual water yield with 
increases in the percentage of forest removed. A range of 22-40 mm of water yield for 10% reduction 
in forest basal area was found. 3 Increases in water yield resulting from forest harvesting are, 
however, not distributed equally over the seasons. In southern US forests, it was estimated that 
around 60% of the observed increase in water yield due to deciduous tree harvesting occurred in 
the late summer to early winter period, with the majority of this increase occurring during the low-
flow months of August, September, and October.4 Also in other areas of the world, annual runoff can 

Type Impact Magnitude Depth of 
evidence base 

Water 
availability 

Groundwater 
recharge 

Increased mean annual 
groundwater recharge   

Dry season 
flows 

Maintained dry season 
flows   
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Water 
quality 

Erosion and 
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Reduced on-site erosion 
and sediment yields   
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increase by a statistically significant amount following light thinning treatments, although the amount 
of  the increase may still remain far below an ecologically and economically significant level. Based 
on a study in two Turkish catchments, it was recommended to only practice cutting treatments that 
aim to increase water yield when annual precipitation is over 400–500 mm. In addition to annual 
rainfall amounts, seasonal dynamics (especially the amount of precipitation occurring in months 
following the cutting treatments) affect the effectiveness of forest thinning. The importance of rainfall 
during months preceding the treatment increases with watershed size.5 In the Yoshino River 
catchment (Japan), monthly discharge increased substantially in forests that are properly maintained 
by thinning, even during drought season. Here it was shown that sustainable forest management 
can help alleviate water shortages during extreme events.6 A case study in China reports how 
insufficient management has led to over-dense forests and negative effects on water yield. 7 

A review of water quality impacts of forestry BMPs in the southeastern US found that most 
previous studies found a positive impact on water quality, especially when forests are located closer 
to streams.8 Similarly, a nation-wide review of forestry BMP impacts on water quality found a strong 
case regarding positive water quality impact, in particular related to erosion and in-stream sediment 
loads.9 It should however be noted that there is a huge range in the reported impacts on sediment 
loads (from insignificant to 99%), and a knowledge gap still exists to design effective sustainable 
forestry plans across different landscapes.8 In general, forest harvesting and site preparation can 
increase erosion, sediment and nutrient losses to streams. However, deployment of BMPs typically 
allows for water quality recovery within 2-5 years after forest operation disturbances.10 

Other benefits 

What? How? 

Biodiversity 

Provision of habitat, food, and cover for a variety of wildlife 
species. Optimized diversity of native plant and animal 
species. Planted forests can also complement the biodiversity 
values of natural forest, for example by acting as a wildlife 
corridor and as a supplemental habitat and food source.1 

Economic benefits from timber 
production 

The forest owner may gain substantial revenue from forest  
thinning treatments, with wood potentially processed in 
sawmills or used for fuel generation. 

Job creation Additional staff may be employed to perform the necessary 
management activities. 

Soil quality Maintenance of soil characteristics to ensure the potential of 
the site to continue productivity at current and historic levels 

Aesthetics and recreation Creation of an aesthetically pleasing environment, providing 
different opportunities for recreation. 

Linkages to climate 
change 

Mitigation: In general, forest BMPs contribute to forest health and thus to long-term functioning of 
the forest as a carbon sink. However, the rotation and destination of any timber produced (particularly 
in planted forests / plantations) affects the effectiveness of the forest as a carbon sink. Where 
plantations are established by replacing forests or other long established natural vegetation, the 
short-term release of carbon during establishment must be balanced against the longer-term 
sequestration in the timber.11 
Adaptation: Well-managed forests regulate hydrological processes, mitigate extreme events, and 
provide a cooling effect as temperature rise under climate change. 

Design-enabling 
conditions and 
typical constraints 

• In forests managed for wood production, silvicultural interventions may be necessary to 
address the relative depletion of commercial tree species caused by past logging 
interventions, to increase the growth of commercial species, and to optimize the commercial 
value of the forest. The intensity of interventions will vary depending on, for example, 
accessibility, markets, site quality, management objectives and ownership.2 



• Potential biological and physical constraints to design and implementation of forestry BMPs 
are soil type, aspect and degree of slope, distance to water source, deer population density, 
proximity and visibility to public, and season.   

• Tree species determine specifics of silvicultural operations, such as whether two or three 
thinnings may be carried out before regeneration. 

• Policies with regard to logging may be at odds with management needs to maintain healthy 
forest structures.7 

• Effective implementation of forestry BMPs can be constrained by insufficient logger training 
and landowner knowledge of sustainable practices.9 

• All stakeholders, including local communities, need to be included in the relevant aspects of 
forest management, decision-making and policy formulation.2 

• The geographical and hydrological setting of forests needs to be considered in development 
of management plans. For example, thinning in riparian areas could have negative impacts 
on stream habitat and water temperature. 

Common risks and 
tradeoffs 

• A risk exists with regard to insufficient understanding of forest BMPs implications, and a 
thorough watershed-specific study is required for developing an effective sustainable forest 
management plan.  

• In several parts of the world, increasingly strict bans on logging, aimed at forest 
conservation, may in fact conflict with sustainable cutting / thinning treatments. 7 

• Forestry management generally requires construction of roads, which can add to sediment 
loading. 

Monitoring 
opportunities 

• Implementation of forestry BMPs can be regularly monitored through combination of satellite 
remote sensing, field visits and surveys among land owners. Shortwave infrared satellite 
bands can be used to detect silviculture operations.12  

• Downstream flows and water quality need to be monitored for evaluating water security 
benefits obtained from forestry BMPs. 

Implementation 
costs and timing of 
benefits 

Capital costs of forestry BMPs are relatively low, 
as it is largely a management-oriented NbS with 
recurring activities such as canopy alterations to 
induce natural regeneration, harvest of mature 
trees, planting, and thinning. Initial costs may be 
related to purchase of any specific equipment and 
general costs associated with switching to new 
practices (e.g. training).  

A comprehensive review of global economic 
assessments of water-related benefits of forestry 
BMPs found that 8 out of 10 studies identify sound 
business cases when evaluating investments in 
forest management.13 Benefits typically begin to accrue when silvicultural operations start, and 
increase gradually. 



Image 

 
Forest thinning (Source: Getty) 

Examples 

• Sierra Nevada, United States 3 
o Brief description: Forest management costs and benefits related to water quantity 

were evaluated in eleven watersheds of the northern Sierra Nevada. Economic 
value of incremental water supply was determined in relation to three downstream 
uses: hydropower, irrigation, and municipal / industrial use.  

o Lessons learnt:  
 The estimated increase in water yield from forest thinning across all 11 

watersheds was 0-6% of the average annual streamflow based on the 
gauge records across the watersheds 

 Despite the narrow water quantity focus, potential economic benefits from 
forest thinning, largely from the potential for increased hydropower 
production, can be substantial. In some watersheds and management 
scenarios, they suffice to fully offset the cost of thinning  

 
• Region of Valencia, Spain14 

o Brief description: A hydroeconomic modelling framework was applied to a planted 
pine forest. The optimal schedule of silvicultural interventions in the stands of the 
catchment was determined to maximize the total net benefit in the system. 
Silvicultural operation costs according to stand density and canopy cover were 
modeled using local cost databases. 

o Lessons learnt:  
 Efficient forest management can produce an important increase in 

groundwater recharge, which could provide substantial benefits to 
groundwater users and forest owners, clearly surpassing the operating 
costs. Discounted net present value was quantified at €335 / ha. The value 
of this increased recharge is higher under water scarcity conditions and with 
high-value uses. 

https://www.gettyimages.com/


References 

1. FAO. Planted forests in sustainable forest management. A statement Princ. 1, 1–16 (2010). 
2. FAO. Responsible management of planted forests: voluntary guidelines. (2006). 
3. Podolak, K. et al. Estimating the Water Supply Benefits from Forest Restoration in the Northern Sierra 

Nevada. 16 (2015). 
4. Casey, A. Quality and quantity. Paediatr. Nurs. 14, 3 (2002). 
5. Yurtseven, I. et al. Results of a paired catchment analysis of forest thinning in Turkey in relation to 

forest management options. Sci. Total Environ. 618, 785–792 (2018). 
6. Luo, P. et al. Impact of forest maintenance on water shortages: Hydrologic modeling and effects of 

climate change. Sci. Total Environ. 615, 1355–1363 (2018). 
7. Wang, Y. et al. A Water Yield-Oriented Practical Approach for Multifunctional Forest Management and 

its Application in Dryland Regions of China. J. Am. Water Resour. Assoc. 51, 689–703 (2015). 
8. Anderson, C. J. & Graeme Lockaby, B. The effectiveness of forestry best management practices for 

sediment control in the southeastern United States: A literature review. South. J. Appl. For. 35, 170–
177 (2011). 

9. Cristan, R. et al. Effectiveness of forestry best management practices in the United States: Literature 
review. For. Ecol. Manage. 360, 133–151 (2016). 

10. Blinn, C. R. & Aust, M. W. Forestry Best Management Pratices for Timber Harvesting and Site 
Preparation in the Eastern United States : an Overview of Water Quality and Productivity Research 
During the Pasr 20 Years (1982-2002). Water, Air, Soil Pollut. Focus 4, 5–36 (2004). 

11. Oliver, C. D., Nassar, N. T., Lippke, B. R. & McCarter, J. B. Carbon, Fossil Fuel, and Biodiversity 
Mitigation With Wood and Forests. J. Sustain. For. 33, 248–275 (2014). 

12. Service, T. A. F. Voluntary Implementation of Forestry Best Management Practices in East Texas. 
(2018). 

13. Ovando, P. & Brouwer, R. A review of economic approaches modeling the complex interactions 
between forest management and watershed services. For. Policy Econ. 100, 164–176 (2019). 

14. A hydroeconomic modeling framework for optimal integrated management of forest and water. Water 
Resour. Res. 5, 2–2 (1969). 

 

 

 



Fire Management 
Intervention category: Management 

 

Description 

Fire management involves the deployment of management activities that reduce forest fuels 
and thereby reduce the risk of catastrophic wildfire. Also commonly referred to as “forest fuel 
reduction”, fire risk management typically involves mechanical thinning and/or controlled burns. 
Fire risk management is typically employed in areas where forests are prone to wildfires. The 
abrupt removal of forest cover and damage to ground cover and soils from catastrophic fires 
can be particularly problematic when rain falls on severely burned areas1, as these rain events 
can cause large-scale erosion of unsecured hillsides, and produce flooding and debris flows 
that affect downstream infrastructure and communities. Accordingly, fire management seeks 
both to preserve the integrity of healthy forests and reduce the future risk of increased sediment 
and nutrient transport, which differs from other activities that are aiming to reduce current annual 
loadings of pollutants.2,3 Given the annual growth of vegetation and accumulation of fuels, 
treated areas must be maintained through recurring application of fuel management activities.4 

Water Security 
Challenges (WSCs) 
addressed 

Wildfires in forested watersheds are often associated with costly sedimentation and flood risks.5 
Fire management seeks to avoid dramatic surges in peak flows by regulating surface runoff.6 
Post-fire peak flows have been documented to be up to 900 times greater than the unburned 
reference case for up to 15 years after a fire, when rainfall surpasses a certain threshold5. 
Siltation and pollution can occur when catchment areas lack protective vegetative cover due to 
wildfires. Due to enhanced erosion, surface water runoff carries increased amounts of sediment, 
nutrients, pesticides, fertilizers, and other pollutants or debris into rivers and reservoirs.3 In 
some cases, post-fire runoff can release potentially toxic legacy sediments into vulnerable water 
systems.7 The evidence base regarding water availability benefits is limited; managing forest 

Type Impact Magnitude Depth of 
evidence base 

Water availability 

Groundwater 
recharge 

Increased mean 
annual 

groundwater 
recharge 

  

Dry season flows 
Maintained dry 
season flows   

Disaster risk Flood risk 
Reduced peak 

discharge   

Water quality 

Erosion and 
sedimentation 

Reduced on-site 
erosion and 

sediment yields 
  

Nutrients and 
pollutants 

Reduced in-
stream nutrient 
and pollutant 

concentrations 

  

 



density may decrease evapotranspiration, potentially enhancing groundwater recharge and 
baseflow. 

Other benefits 

What? How? 

Habitats / biodiversity 
Habitat improvement through forest restoration and r 
educed risk of losing forested habitats to catastrophic 
wildfires. 

Carbon sequestration 

Reduced risk of losing biomass and stored carbon to 
catastrophic wildfires and reduced risk of forest 
conversion to vegetation types that sequester carbon at 
a slower rate.  

Provisional ecosystem services 

Reduced risk of losing food, fiber, timber, medicine and 
other resources provided by forest ecosystems. Excess 
biomass removed during fuels reduction activities can 
support forest product industries. 

Recreation and tourism Reduced risk of losing (economic) benefits of recreation 
to catastrophic wildfires. 

Job creation Manpower required for implementing fuel management 
activities, such as thinning. 

Linkages to climate 
change 

Mitigation: Fire risk management especially relates to climate adaptation by increasing 
resilience of forests to fire, though a secondary mitigation impact concerns the avoidance of 
losing biomass to catastrophic wildfires which would have taken decades to regenerate. 
Adaptation: The number of large forest fires and the length of the wildfire season have both 
increased globally in the past few decades. Wildfire trends are expected to continue due to 
increasing occurrence of drought and denser forests associated with historical forest 
management and fire suppression.11 Effective fire risk management is required to protect water 
sources by addressing the WSCs highlighted in this factsheet.  

Design-enabling 
conditions and typical 
constraints 

• Different fuel reduction techniques are appropriate in different conditions, each with 
their own enabling conditions and constraints: manual undergrowth clearing, 
mechanical ground clearing, prescribed burning, and silvo-pastoralism.4 When the fuel 
load is high at the initial opening, it is advisable to carry out a manual or mechanical 
undergrowth clearing, or to use prescribed burning. If the fuel load is low, other 
techniques can be applied: herbicides or silvo-pastoralism. Combination of these 
techniques are possible. Chemical fuel reduction is often applied in challenging terrain 
and when limited funds are available. However, the environmental impact of the 
chemicals involved (e.g. glyphosate) make it less appropriate from a NbS point of view. 
• Manual undergrowth clearing is a low-impact method, applicable under 

challenging topographic conditions and on stony soils, which allows for species-
specific clearing. The price of labor can be a major constraint, depending on 
context. 

• Mechanical ground clearing can be constrained by environmental conditions, but 
is generally economically advantageous in easily accessible terrain. Impacts on 
soil (compaction and erosion) should be considered. 

• Prescribed burning eliminates and contains the vegetation in a confined area, 
which requires usage of natural or artificial barriers. Typical constraints are general 
reservations towards burning of forest stands and lack of knowledge on prescribed 
burning protocols. It is not restricted by topography. Climate conditions need to be 



considered. Smoke  impacts to communities may also limit application of 
prescribed fire.8 

• Silvo-pastoralism uses forest areas for raising livestock. It can be very effective 
but needs to be well-managed, to avoid damage to regeneration. It can only 
succeed if the forest area is well-integrated within available pastoral resources of 
a stockbreeder. Another constraint relates to the present species, where non-
palatable plants need to be eliminated 

• The periodicity of the treatments depends on the speed of vegetation re-growth, 
management objectives (tolerated maximum biomass loads), and financial capacities.4 

• Fire risk management / mitigation plans should be developed in coordination with any 
forest users (beekeepers, recreational operators, graziers, etc.)9 

Relation to grey 
infrastructure 

 

Common risks and 
tradeoffs 

Depending to the specific context and the fuel reduction techniques applied, the following risks 
and tradeoffs should be considered: 

• Fuels management may expose bare soil increasing susceptibility to erosion on steep 
slopes Soil compaction can occur due to any heavy equipment used, although this is 
typically restricted to relatively small forest extents.4 

• Prescribed burning involves a, usually minor risk of fire escape (including legal liability 
issues in case of damage) and potentially negative impacts on young plants or trees 
where forests have not evolved with fire.4 

• Release of carbon occurs from prescribed burns and / or forest thinning, which should 
be viewed in relation to carbon sequestration benefits. 

• Roads generally need to be built for fire management. if they are not already in 
existence. This can add to soil erosion and sediment loading. 

Monitoring opportunities 

• Monitoring of potential ignition sources and climate conditions.9 
• Several well-established satellite-derived data products exist to assess historical and 

current fire wildfire frequency and extents: Fire occurrence and extent: Terra/Aqua 
(MODIS FIRMS)1, MODIS Burned Area Product, SPOT VGT Burned Area.12 

• Many other global-scale datasets are available for assessing wildfire risk and post-fire 
impacts.13  

 
1 https://earthdata.nasa.gov/earth-observation-data/near-real-time/firms 

Infrastructure Service provided by grey 
solutions Type of relation 

Off-river reservoir5 Water storage Complementary 

Pre-sedimentation basin5 Retention of sediments Complementary 
Water treatment 
infrastructure5,10 

Flocculation, sedimentation, 
filtration 

Complementary 

Access roads, fire breaks, 
automatic watering systems, 

lookout posts4 
Forest fire protection Complementary, Alternative 

 



Implementation costs 
and timing of benefits 

Wildfire risk management is commonly 
implemented as a cost-avoidance strategy in 
the face of extreme and costly disruptive 
events.5 Upfront investments in wildfire 
prevention, biomass reduction, and 
watershed restoration are more successful 
and cost-effective than firefighting and post-
fire slope stabilization14. The distribution of 
costs in time relates to the two phases of fuel 
removal: (i) initial treatment which is often 
expensive because fuel load can be high, 
and (ii) the undergrowth clearance for 
maintenance intended to limit the 
reaccumulation of hazardous fuel loads. This work must be carried out regularly, with a 
frequency depending on vegetation growth and the applied technique.4  

Image 

 
Prescribed burning in Madison, New Hampshire, US (source: National Geographic) 

Examples 

Well-documented cases of fire risk management cases, including assessments of costs and 
benefits, are mostly available from North America, Australia, and (to a lesser extent) Europe. 
Some examples are given below: 
 

• Denver, Colorado, USA5  
o Brief description: Investments were primarily made in fuel reduction and 

reforestation treatments in “zones of concern” , with the goal to restore 38,000 
acres of land over five years. The objective is to lower risk of catastrophic 
wildfire, reducing risks of substantial built infrastructure costs (dredging, 
variable treatment costs) associated with sedimentation. Total costs of $33 
million were paid by Forest Service and public utility (Denver Water). 

o Lessons learnt:  
 The investment was justified by the costs of previous major wildfire 

events. Denver Water incurred $26 million in costs after two 
devastating fires to manage post-fire sedimentation. Fire suppression 
costs were another $47 million, the Forest Service spent another $37 

https://www.nationalgeographic.org/encyclopedia/controlled-burning/


million on post-fire restoration and stabilization, and private insured 
property losses were an additional $38.7 million. 

 
• Melbourne, Australia15  

o Brief description: Melbourne relies on forested catchments for 80% of its water 
supply, in which Eucalyptus forests are highly flammable. Post-fire erosion 
rates are potentially >100 times greater than normal. Hydrodynamic modelling 
indicates a large wildfire in the Upper Yarra Reservoir could result in water 
being untreatable for a year or more. Melbourne Water has invested millions in 
research programs to inform fuel reduction, firefighting efforts, and post-fire 
response.  

o Lessons learnt:  
 It is estimated that the savings to Melbourne Water from better 

management and understanding of risks is in the millions of dollars. 
 Scenario analyses with debris flow modelling coupled with 

hydrodynamic modelling are highly valuable to assess potential 
biophysical impacts of wildfires and justify fire management 
investments. 
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Artificial Wetlands 
Intervention category: Created Habitats 

 

Description 

Artificial (or “constructed”) wetlands are created with the aim of mimicking hydrological processes of 
natural wetlands. They usually take the form of shallow depressions with dense and diverse vegetation 
and function as biological treatment systems that make use of natural processes involving wetland 
vegetation, soils, and their associated microbial assemblages. Typically, a wetland is created through 
excavation of upland soils to elevations that will support the growth of wetland species through the 
establishment of an appropriate hydrology. Often, construction of wetlands is accompanied by other NbS 
such as river restoration measures (floodplains, connectivity, etc.).1 Activities involved in creating artificial 
wetlands can involve removing underground drainage tiles, installing dykes or plugging open ditches.2 

Artificial wetlands commonly act as a supplement or a substitute to conventional treatment plants.3 
They are often used for nutrient pollution control of various wastewater streams, such as domestic 
wastewater, urban wastewater from sewage, industrial wastewater, and sludge. Constructed wetlands 
are also used to remove nutrients and sediments and mitigate surface runoff from agricultural and 
livestock fields.3 In urban environments, they are applied to mitigate impacts of polluted stormwater runoff 
and wastewater. Constructed wetlands are increasingly proposed as a disaster risk management 
strategy, due to their potential to safeguard against extreme climate events.2 

Water Security 
Challenges 
(WSCs) 
addressed 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Wetlands can store large amounts of stormwater runoff, and release it slowly, helping to regulate water 
quantity and achieve a more even distribution of water availability in time. An acre of wetland can store 
3.8 to 5.7 million liters of floodwater, thereby reducing the peak load on stormwater and wastewater 
systems.4 It is estimated that constructed wetlands can reduce 5 - 10 % of the volume of incoming runoff 
through seepage (and groundwater recharge) and evaporation.3 Still, the effectiveness of a wetland in 
reducing flood risks is not always significant and strongly depends on its situation in the watershed. 
By attenuating peak flow velocities and volumes, wetlands also contribute to reduced soil erosion. They 
can reduce downstream transport of sediments by trapping suspended solids. 
Vegetation and sediments provide a growth media for microbes, which filter and settle pollutants attached 
to sediments. One of the reasons to construct wetlands is to provide secondary and tertiary wastewater 
treatment and improve water quality, through their natural geochemical and biological processes. The 

Type Impact Magnitude Depth of 
evidence base 

Water 
availability 

Groundwater 
recharge 

Increased mean annual 
groundwater recharge   

Dry season 
flows 

Maintained dry season 
flows   

Disaster 
risk Flood risk Reduced peak discharge   

Water 
quality 

Erosion and 
sedimentation 

Reduced on-site erosion 
and sediment yields   

Nutrients and 
pollutants 

Reduced in-stream nutrient 
and pollutant 

concentrations 
  



pollutant removal rates are as high as 85 % for suspended solids, 75 % for phosphorus, 55 % for nitrogen 
and 45 % for organic carbon.2,3 An extensive review of constructed wetland projects showed that 
constructed wetlands have been used successfully for many types of industrial effluents, such as 
petrochemical, dairy, meat processing, abattoir, breweries, and pulp and paper factory effluents.5 

Other benefits 

What? How? 

Water temperature control Provision of shade by vegetation 

Biomass for energy production Constructed wetlands can produce relatively large quantities of 
biomass, which can be regularly harvested to be used as biofuel.6 

Habitats / biodiversity Important habitats can be established for various bird species, fish 
populations and other wildlife.3 

Carbon sequestration Vegetated wetlands can act as carbon sinks when CO2 is sequestered 
in biomass.7 

Provisional ecosystem services Provision of food, fiber, timber, medicinal resources, etc.8 

Recreation and tourism Increased aesthetic value and more pleasant environment 

Linkages to 
climate change 

Mitigation: Constructed wetlands can sequester large amounts of carbon and therefore contribute to 
mitigation of climate change effects. However, at the same time they can emit large quantities of 
greenhouse gasses. The carbon–GHG budget needs to be assessed on a case-by-case basis.7  
Adaptation: Intensification of hydrological extremes is projected in many areas worldwide as a 
consequence of climate change. Artificial wetlands contribute to adaptation by reducing flood risk 
(especially for minor flood events, due to their often limited size) and enhancing groundwater recharge 
and dry season flows. 

Design-
enabling 
conditions and 
typical 
constraints 

• There are three main types of constructed wetlands: surface flow wetlands, subsurface flow 
wetlands, and hybrid systems. A wide range of design configurations is possible, defined among 
others by dominating macrophytes, flow patterns, configurations of wetland cells, type of 
wastewater to be treated, treatment level, and type of loading (interval or continuous). Several 
technical guidebooks are available that discuss opportunities and limitations under different 
conditions.9,10,11,12 

• Flow in subsurface-flow wetlands can be horizontally or vertically oriented. Vertical flow 
constructed wetlands are considered more efficient with less area required. However, they need 
to be interval-loaded and require more know-how while horizontal flow constructed wetlands can 
receive wastewater continuously and are easier to design and build.13 

• A relatively large area of land is generally required, particularly for horizontal flow systems, 
causing wetland treatment to be less economical in cases where land is expensive.10 

• Constructed wetlands need to show that they can treat water to existing and anticipated future 
regulatory standards.14 

• Stakeholder involvement in wetland construction activities, from planning up to implementation 
stages, has proven to be very important for success.1 

• Maintenance needs, depending on context:12,13  
o Regular checking of the pretreatment process: inlet structures, outlet structures, and 

pumps 
o Regular checking of influent loads and distribution on the filter bed 
o Checking of wetland vegetation for diseases and insects  
o Removal of weeds and predatory plants until the wetland vegetation is fully established 



Relation to grey 
infrastructure 

Constructed wetlands are often intended as secondary (subsurface flow) or tertiary (surface flow) 
treatment systems, meaning that effluent needs to first pass through a primary treatment process which 
effectively removes solids. Grey infrastructure solutions for performing primary treatment can e.g. 
involve a septic tank or anaerobic baffled reactor.13   

Common risks 
and tradeoffs 

• Rapid growth of invasive species in the nutrient-rich habitats.15 
• Particularly in tropical regions: the creation of new habitats for mosquitos and thereby vector-

borne disease risks.16 
• Wetlands have the potential to accumulate toxic substances, in effect turning wetlands into 

potential ‘hotspots’ where high levels of contamination can prove detrimental to wetland 
ecosystem functioning and health.17  

• In some circumstances, wetlands can contribute to natural processes that generate hazards. For 
example, wetlands may attenuate flood flows at the start of the rainy season when they are 
relatively dry, whereas they generate runoff and potentially contribute to flood flows later in the 
wet season under saturated conditions.2 

• Treatment efficiencies may vary seasonally in response to rainfall dynamics.11 
• A certain hydrological regime is required for wetlands to stay healthy. They are not resilient to 

complete drying, which may be a risk in certain environments.11 

Monitoring 
opportunities 

• Status of vegetated habitats can be monitored with satellite imagery, aerial photos and ground-
truthing by field surveys. Different wetness indices can be computed from remote sensing 
imagery to monitor hydrological dynamics in wetlands18. (Hyper)spectral sensors can be used to 
monitor nutrient content in a constructed wetland.19 

• Impacts on water quantity (dry season) can be monitored by measuring streamflow at 
downstream sites. 

• Impacts on water quality can be monitored locally by measuring concentrations of relevant 
parameters (e.g. nutrients or sediments) at the inlet and outlet of the wetland. 

Implementation 
costs and 
timing of 
benefits 

Costs of constructing wetlands are highly location-
specific and depend on the size, land acquisition costs, 
structure, as well as the local costs of building 
materials, labor and appropriate vegetation. Typical 
activities generating capital costs include site 
assessment and design, excavation and layout, 
materials, inlet and outlet structures, pipes, pumps, 
vegetation, and land acquisition.8 Recurring costs are 
relatively low and can include costs of pumping, in 
cases where the natural slope is insufficient, and 
harvesting of biomass if relevant. Other maintenance 
activities as described earlier include checking of 
pretreatment processes and structures, checking filter beds for clogging, and monitoring and 
maintenance of vegetation. In total, investment costs can vary from almost negligible levels to tens of 
thousands per hectare.3 Small-scale cases show that constructed wetlands are often cheaper than 

Infrastructure Service provided by grey 
solutions Type of relation 

Water treatment infrastructure Primary water treatment Complementary 

Stormwater storage tanks 
Storage of stormwater and slow 

release to the hydrological system 
Alternative 

 



Benefits of constructed wetlands will accrue relatively soon after implementation and will quickly 
increase with hydrological and ecological development. In addition, artificial wetlands can lead to cost 
savings in operation (water treatment) and help to alleviate pressures on existing water infrastructure 
(e.g. urban sewage systems).  

Image 

 
Constructed wetland of 7 hectares near Hoogeveen, The Netherlands (source: ClimateScan) 

Examples 

Constructed wetlands are relatively widespread, with examples ranging from humid, marine climates to 
(semi)-arid conditions in the Middle East. Some examples are listed below: 
 

• Tolka River, Ireland20  
o Brief description: An integrated constructed wetland was created along the urban section 

of Tolka River (Dublin) to address problems with water quality and flooding. A fountain 
was installed, and barley straw bales applied to the pond to prevent algal blooms and 
remove further pollutants. Biodegradable anti-weed matting combined with planting was 
put in place to remove invasive species. Total capital costs of the project amounted to 
€4.1m. 

o Lessons learnt:  
 Parks in urban areas can serve as biodiversity reserves and offer opportunities 

to contribute to achieving good ecological status of water bodies; 
 Soft engineering techniques can be cost-effective and enhance biodiversity 

potential of urban catchments. 
 

• Vidrare, Bulgaria21  
o Brief description: A small-scale Vertical Flow Constructed Wetland was designed and 

constructed for treatment of domestic wastewater of around 100 people. Total costs 
incurred during construction were around €50,000.  

o Lessons learnt:  
 Constructed wetlands can be cost-effective for small-scale applications 

https://www.climatescan.nl/projects/91/detail


 Constructed wetlands require much lower running costs than grey solutions as 
no technical aeration is needed and less operators´ time 

 
• Texas, USA22  

o Brief description: An integrated financial and environmental assessment was performed 
to evaluate the construction of a wetland relative to the grey alternative (sequencing 
batch reactor). The wetland was constructed at capital costs of $1.5 mil and serves to 
meet suspended solids requirements for a wastewater treatment system. Over a 30-year 
period, it was estimated that net savings regarding fixed and recurring costs amount to 
$53 mil and $70 mil, respectively. 

o Lessons learnt:  
 Lower energy and material inputs to the constructed wetland resulted in lower 

potential impacts for fossil fuel use, acidification, smog formation, and ozone 
depletion, and lower potential impacts for global warming; 

 Land burdens for the sequencing batch reactor and the on-site acreage of the 
constructed wetland are similar in magnitude and importance, contrary to the 
assumption that green infrastructure always requires greater land area. 
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Sustainable Urban Drainage Systems (SUDS) 
Intervention category: Created Habitats 

 

Description 

Sustainable Urban Drainage Systems (SUDS) are drainage systems aiming to mimic natural drainage in a 
developed area, where rainfall soaks into the ground and saturates soil and vegetation before significant 
runoff occurs. The systems are designed to manage the environmental risks resulting from urban runoff 
and to contribute wherever possible to environment enhancement. SUDS elements are generally small 
scale and relatively shallow. They usually require the use of relatively simple engineering construction and 
landscaping operations, such as excavation, filling, grading, topsoiling, seeding and planting.1 Examples 
of SUDS include: 

• Green roofs are building roofs that are fully or partially covered with vegetation. Intensive roofs 
(soil depths of >15cm contain more resilient vegetation, whereas extensive roofs (5-15 cm soil 
depths) serve more of an aesthetic purpose.2 

• Permeable pavements are made of materials that allow for water to infiltrate, be filtered and 
recharge groundwater. Suitable materials include pervious concrete and asphalt, permeable 
interlocking concrete pavers (PICPs), concrete grid pavers, and plastic reinforced grass pavement2 

• Water harvesting refers to redirection of rainwater and stormwater runoff, and storage for 
productive use. In situ rainwater harvesting aims to increase the amount of rainfall stored in the 
soil by trapping and storing it in the desired location. Ex situ water harvesting, which is more 
common in urban contexts, uses systems where rainwater is captured in areas external to the final 
water storage. Capture areas in this case include natural soil surfaces or rooftops, roads and 
pavements in urban areas. Water is stored in natural or artificial reservoirs, although only storage 
in natural reservoirs is considered green water infrastructure.2 

• Bioswales are ditches with vegetation and a porous bottom, designed to concentrate and convey 
stormwater runoff while removing debris and pollution. They often contain check dams for 
enhancing stormwater infiltration. 

• Other examples of SUDS are green spaces (parks), sediment traps, and detention basins.  

Water Security 
Challenges 
(WSCs) 
addressed 

A common feature of all SUDS is that they reduce stormwater runoff by enhancing infiltration and / or 
storage of excess water, thereby preventing overburdening of sewers and reducing flood risk. Green roofs 

Type Impact Magnitude Depth of 
evidence base 

Water 
availability 

Groundwater 
recharge 

Increased mean annual 
groundwater recharge   

Dry season 
flows 

Maintained dry season 
flows   

Disaster 
risk Flood risk Reduced peak discharge   

Water 
quality 

Erosion and 
sedimentation 

Reduced on-site erosion 
and sediment yields   

Nutrients and 
pollutants 

Reduced in-stream nutrient 
and pollutant 

concentrations 
  

 



and parks release stored water through evaporation from the soil or by transpiration of the vegetation. 
Water harvesting methods address WSCs by enhancing water infiltration and water holding capacity in the 
soil, resulting in higher soil fertility. Ex situ water harvesting allows the captured water to be available for 
productive use. Improved infiltration also reduces runoff from slopes and facilitates groundwater recharge, 
where the hydrogeological setting of the SUDS affects the magnitude of the latter. Green roofs can reduce 
annual roof stormwater runoff by up to 50-60% through retention of up to 90% of runoff from storms up to 
25mm, and at least 30% for large storms.2,3 Permeable pavements can provide important alternatives to 
conventional runoff control infrastructure in urban environments, as they reduce storm runoff by 70-90%.3  

Excess runoff in an urban setting also poses sanitation risks through accumulation of contaminants. 
Many SUDS mitigate potential negative water quality impacts, relieve the loads of water treatment plants, 
and reduce the risk of combined sewer overflows. Permeable pavement layers, and underlying upper soil, 
can effectively capture pollutants present in the runoff water. A comprehensive review is available, 
evaluating different materials, designs and pollutants4. Detention basins and ponds remove pollutants 
through sedimentation and biological uptake mechanisms1. 

Other benefits 

What? How? 

Biodiversity 
Green spaces provide habitat for various species and allow for enhanced 
connectivity / creation of corridors. Green roofs also increase biodiversity and 
attract birds and insects.5,6 

Aesthetic quality Increased vegetated cover and water bodies add to the aesthetic quality of 
urban environments largely comprised of grey infrastructure 

Improved air quality Vegetation on green roofs can remove several air pollutants, including 
particulate matter, NOX , SO2, CO and O3.3  

Reduced noise pollution Permeable pavements reduce noise levels due to the porous nature of the 
material.2 

Carbon sequestration 
SUDS involving planting of vegetation increase the capacity for sequestering 
carbon. This is particularly the case for green spaces and roofs7, although 
surface areas usually remain small. 

Energy savings 
Green roofs provide insulation and cooling benefits to buildings. Energy 
requirements for water treatment are reduced by SUDS that store water and 
enhance water quality.7 

Reduced urban heat 
island effect 

Converting to green roofs can reduce surface temperature of the roofs by up 
to 30-60°C and ambient temperature by up to 5°C. Permeable pavements 
absorb less heat and help reduce temperatures through evaporation. In 
general, evaporation from stored water (e.g. in ponds and basins) contributes 
to a cooling effect for most SUDS.8 

Linkages to 
climate change 

Mitigation: SUDS contribute to climate change mitigation by sequestering carbon and reducing energy 
requirements. The latter concerns, among others, reduced energy needs for water treatment and cooling 
of buildings. 
Adaptation: SUDS particularly contribute to adaptation to temperature and extreme precipitation in urban 
settings, by attenuating peak flows caused by extreme rainfall and regulating the surrounding microclimate 
by reducing temperatures, thus improving livability.9 

Design-
enabling 
conditions and 
typical 
constraints 

SUDS is an umbrella term for a range of drainage systems. Therefore, design-enabling conditions, common 
constraints, and maintenance needs vary per system. Some generally applicable considerations in the 
design and construction phases are:  

• Temporary drainage of silt-laden waters during construction is critical both to the success of SUDS 
and to the avoidance of pollution downstream.1 



• Runoff from the construction site must not be allowed to enter SUDS drainage systems (unless it 
has been allowed for in the design and specification), as it can clog infiltration systems, build up in 
storage systems and pollute receiving waters.1 

• Careful levelling and grading is crucial to the performance of many SUDS features to ensure that 
water flows through the system without ponding, which can damage vegetation and cause muddy 
zones to develop.1  

• Before runoff is allowed to flow through SUDS with surface features such as ditches, they must be 
fully stabilized by planting or temporary erosion protection. This prevents erosion and clogging of 
the system.1 

• High groundwater tables limit opportunities for infiltration. In those cases, SuDS selection should 
focus on surface and shallow features that avoid infiltration10. 

• Maintenance required for many SUDS includes the removal of clogging material, e.g. in ditches or 
permeable pavements.4 Green roofs and green spaces commonly need to be weeded and 
watered. 

Relation to grey 
infrastructure 

 

Common risks 
and tradeoffs 

• Sites downstream of surface water flows conveyed by SUDS can be at risk of flooding. This risk 
can be mitigated by managing surface water at (sub-)catchment scale.10 

• Cases of mold in green roofs, or roof collapses, have occurred. These are usually caused by poor 
installation or maintenance.11 

• Depending on the site, installation of permeable pavements may involve potential groundwater and 
soil contamination due to the high permeability. For example, there is a risk that salts used in de- 
icing of roads can reach groundwater, or increase mobility of some heavy metals in the soil.2 

• In cold climates, there is a risk of harsh winter weather conditions causing permeable pavements 
to act as a waterproof slab.4 

Monitoring 
opportunities 

A perceived lack of appropriate monitoring and evaluation of SUDS projects is often a barrier to their 
implementation12. Still, there are multiple solutions for monitoring the effectiveness of SUDS, for example: 

• Flow monitoring can be installed in drainage networks. Water levels in ponds and reservoirs can 
be measured. Sensors must be resistant to water and chemicals.12 

• Monitoring of downstream water quantity and water quality is required to evaluate catchment-
scale impacts of SUDS. Also, piezometers can be installed to measure impacts on groundwater 
levels. 

• Green roofs can be monitored with weather stations and thermal sensors.13 
• Performance of permeable pavement in absorbing and detaining rain runoff and improving water 

quality can be monitored by installing a network of embedded perforated pipes.14 

Infrastructure24 
Service provided by grey 

solutions Type of relation 

Water treatment facilities 
Improving water quality for 

domestic use 
Complementary 

Storage tunnels Water storage Complementary, Alternative 

Artificial reservoirs Water storage Complementary, Alternative 

Sewers 
Drainage and conveyance to 

treatment plants 
Complementary 

Stormwater conveyance systems Drainage Complementary 

 



Implementation 
costs and 
timing of 
benefits 

The magnitude, nature and timing of SUDS costs and 
benefits varies with the type of drainage system 
implemented and site-specific conditions. In general, 
SUDS are considered low-cost solutions, where a 
substantial part of investment costs are incurred in the 
construction phase.15 Some examples are: 

• Costs of establishing green roofs differ 
depending on the geographic location, the type 
of roof, local labor and material costs. In the US, 
costs were estimated at USD 65-450 per m2 for 
constructing extensive roofs and USD 200-900 
per m2 for intensive roofs3. In Europe, capital 
costs are 90-130 €/m2 for extensive design and 
130-180 €/m2 for intensive design.16 Costs in Germany were however reported significantly lower 
at 20 €/m2.17 Maintenance costs are also variable, with an example reported of 2-3% of initial 
investment costs annually.3 Benefits accrue from reduced costs in stormwater management, lower 
energy consumption and improved air quality. Payback time is reported between 3 and 13 years, 
depending on whether wider public benefits are considered.18  

• Estimated costs of installing a permeable pavement are 30-150 USD/m2 in the USA and 40-90 
€/m2 in Europe19, with an estimated lifetime between 7 and 35 years. Costs and lifetime depend 
on the type of pavement and required maintenance3. Maintenance should prevent pores from 
becoming clogged and ensure that the pollutants captured by the pavements do not migrate to the 
underlying soils.2 

• Urban water harvesting installation costs may consist of expenses related to storage tanks, 
cisterns, pumps, as well as distribution pipes, where applicable. Recurring costs may occur related 
to energy for pumping, protection to deter mosquitos and water pre-treatment, where needed. 
However, many systems are passive and require minimal maintenance. Average costs in the UK 
for a household rainwater harvesting system amount to USD 2,400-3,300, whereas costs in India 
for one building’s rainwater harvesting system are estimated between USD 50-550.2 Cost-benefit 
ratios are generally favorable, particularly in densely-populated urban areas with low-rise 
buildings.20 

Image 

 
Green roof of Chicago City Hall (source: Wikipedia) 

https://upload.wikimedia.org/wikipedia/commons/thumb/d/de/20080708_Chicago_City_Hall_Green_Roof.JPG/1280px-20080708_Chicago_City_Hall_Green_Roof.JPG


Examples 

Documentation of SUDS implementation including costs and benefits is clearly geographically biased to 
North America and Europe. Still, usage of SUDS is not uncommon in urban centers in Asia, South America 
and Africa, although this use is often of an informal nature.21 Some examples of well-documented cases: 
 

• Berlin, Germany17  
o Brief description: Costs and benefits of three scenarios for SUDS implementation were 

evaluated for a specific neighborhood, to inform planning processes for urban water 
management. The scenarios consist of individual measures of SUDS including green 
roofs, façade greening, tree drains, swales, trough-trench systems, ponds, permeable 
pavement, rainwater harvesting, and retention soil filters. Each scenario comprises 
differences in the spatial implementation of the individual measures 

o Lessons learnt:  
 Economically feasible SUDS at the neighborhood level can be achieved 
 In this particular small-scale case, especially relatively cheap measures such as 

tree drains and ponds, which contribute directly to a reduction of stormwater 
runoff, were found to be cost-effective.  
 

• Durban, South Africa22 
o Brief description: The city of Durban requested a study to evaluate Durban’s natural capital 

and its role in Green Urban Development (GUD). The study provided an updated, spatial 
estimate of the value of natural capital in the eThekwini Municipal Area and analyzed 
different scenarios to evaluate the potential returns to investing in GUD with a focus on the 
role of natural systems. Different categories of SUDS are disaggregated in the 
development of these scenarios (source controls, local controls, regional controls). 

o Lessons learnt:  
 Source controls (green roofs, permeable pavements, sub-surface soakaways, and 

others) and detention basins had a measurable impact on flooding, with the former 
reducing flood peaks by about 10%, and the latter by up to 35%. These measures, 
coupled with treatment wetlands, were also effective at improving water quality in 
the catchment. 

 Implementation costs of these measures are relatively high compared to expected 
cost savings and only detention basins could be justified in terms of their direct 
cost savings. For other SUDS measures, further innovation or incentives are 
required to bring costs down to levels where their widescale implementation in 
Durban can be made possible. 
 

• New Hampshire, United States23 
o Brief description: A drainage system was installed on a retail shopping center site, which 

included two porous asphalt installations along with catch basins, a sub-surface reservoir 
for rooftop runoff, and a large gravel wetland for the treatment of nitrogen. Although paving 
costs for the porous asphalt drainage systems were estimated to cost an additional 
$884,000, the SUDS option provided significant cost savings for earthwork ($71,000) and 
stormwater management ($1,743,000). Total project cost savings were around $930,000, 
a 26% decrease in the overall cost for stormwater management 

o Lessons learnt:  
 A combination of porous asphalt with a sub-surface gravel wetland can be more 

economically feasible than a conventional sub-surface stormwater management 
detention system. 



 Results from three years of monitoring show that the system is functioning well 
both from a durability and a water quality perspective, with a very high level of 
treatment achieved. 
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