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A B S T R A C T   

The evaluation of the cost-effectiveness of Payments for ecosystem services (PES) in fostering positive envi-
ronmental outcomes has been central to the scientific debate on their implementation. PES cost-effectiveness can 
be affected by a myriad of environmental, institutional and socio-economic factors operating at different spatial 
and temporal scales. Moreover, it can be affected by synergies and trade-offs in the provision of ecosystem 
services (ES). Planting trees is increasingly considered an effective measure to provide water-related ES. It can 
enhance watershed services such as nutrient retention, erosion control, stream flow regulation, protection 
against extreme events (e.g., floods and landslides), and lead to a permanent change in land use, replacing 
agricultural activities that give rise to diffuse pollution. Very few studies currently exist on the cost-effectiveness 
of tree planting for water quality benefits PES schemes in Europe. Including both review and research elements, 
this paper highlights challenges in undertaking such assessments. It develops a conceptual framework to help 
underpin future studies, with its application to three case studies in Denmark explored. Particular attention is 
given to the estimation of environmental effectiveness in the provision of water quality services and the 
importance of co-benefits. In the case where we exclude co-benefits from the analysis, the financial cost- 
effectiveness is always above zero, with central estimates (without discounting environmental improvements) 
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of €10/Kg N, and €0.36 to €0.50/mg pesticide. Once co-benefits are accounted for, however, the social cost- 
effectiveness is negative (except for under the low estimates) as the value of the co-benefits exceeds the costs, 
with central estimates of -€28/Kg N, and -€0.34 to -€0.23/mg pesticide. The paper discusses the implications and 
lessons for PES cost-effectiveness analysis, and identifies research gaps. Increased knowledge of forest water 
benefits and the cost-effectiveness of woodlands for water schemes would help underpin future incentives to 
enhance the provision of these ES.   

1. Introduction 

Most European countries are affected by hydrological pressures, 
including water pollution, water scarcity and floods. Diffuse water 
pollution is a major issue, with agriculture representing the primary 
source, affecting 25% of Europe’s surface water bodies and 29% of 
groundwater bodies (EEA, 2018). Pesticides and nutrients derived from 
fertilisers are the principal diffuse pollutants of concern, with impacts 
greatest in regions dominated by intensive arable cropping and animal 
husbandry (MEA 2005, Grizzetti et al., 2016). Improvements to agri-
cultural practices have helped to reduce pollutant losses to water but are 
increasingly viewed as insufficient to achieve good water status targets 
(Collins et al., 2016). Growing evidence indicates that EU Water 
Framework Directive (WFD) objectives will only be achieved by land- 
use changes, with estimates of more than 800,000 hectares needing to 
come out of agriculture in England alone (Environment Agency, 2012). 
This situation calls for greater attention to new policies, instruments and 
tools specifically targeting the restoration of water quality and good 
ecological status. 

Land use change to create more resilient and efficient solutions to 
restore water quality to a favourable condition is gaining traction with 
governments and businesses (Liquete et al., 2016; Thomsen et al., 2018). 
In particular, there is growing support for forest planting to provide 
water and other environmental benefits, including climate change 
adaptation and mitigation (Nisbet et al., 2011). However, implementing 
such ‘nature-based solutions’ (NBS) often involves significant costs for 
landowners and managers, while their outcomes are affected by 
different levels of risk and uncertainty. These issues have significantly 
constrained land-use change and management for water benefits. 

Solving this problem is increasingly thought to rely on providing 
sufficient incentives for land users to implement NBS to reduce negative 
externalities or increase positive externalities (Baylis et al. 2008). A 
wide range of approaches to sustainable NBS exist. Economic incentives 
are one type of approach, and there is a tendency in environmental 
governance to prefer incentives rather than the application of regulatory 
measures alone. ‘Payments for Ecosystem Services’ (PES) have become 
more popular in recent decades as innovative governance tools to solve 
resource coordination problems, through incentives for those providing 
ecosystem services (Meyer 2015). PES are flexible mechanisms that can 
play an important role as forest for water NBS to deliver water quality 
targets. Following Muradian et al. (2010), we adopt a broad definition of 
PES as “a transfer of resources between social actors, creating incentives 
to align individual and/or collective land use decisions with the social 
interest in the management of natural resources”. Our definition en-
compasses a wide range of types of mechanisms, including agri- 
environmental schemes. 

There are many watershed PES schemes around the world that 
involve forests, although most relate to forest conservation rather than 
new planting (Brouwer et al., 2011; Martín-Ortega et al., 2015; Wunder 
et al. 2018). Despite increasing popularity, evidence on their environ-
mental impacts and cost-effectiveness is rather limited (Phan et al., 
2018). 

Cost-effectiveness of PES schemes has been a central theme of aca-
demic debate over the last two decades (Wunder et al., 2018). Schemes 
implemented to provide water benefits have often lacked robust evi-
dence, especially quantitative data demonstrating their environmental 
effectiveness (Naeem et al., 2015). Quantifying their environmental and 

economic performance is challenging, with few applications to forest- 
related schemes in Europe (see section 3.1). A range of underlying 
ecohydrological processes operate in forest and agroforestry systems 
and there can be a large number of causal factors operating at multiple 
scales (Vose et al., 2011). There can also be a range of impacts to 
consider. Impacts on both water quality and quantity often need to be 
considered. Furthermore, there are often multiple ecosystem services 
(ES), aims, value dimensions, and potential trade-offs (Jax et al., 2013). 

There is growing recognition of the importance of investing in nat-
ural capital in tackling current environmental crises (e.g., Dasgupta, 
2021) and creating a low carbon economy, with information on the cost- 
effectiveness of PES and other NBS increasingly important to help un-
derpin investment decisions in government and the private sector. 
However, differences in estimating cost-effectiveness can hinder com-
parisons (e.g., see Valatin, 2019). This paper sets out a conceptual 
framework as a first step on which standardisation of approaches in 
future studies on the cost-effectiveness of woodlands for water PES could 
be built. 

The paper includes both review and research elements. In the next 
section, we review the scientific evidence on the effects of tree planting 
and forests on water quality. Approaches to evaluating PES cost- 
effectiveness, stakeholders’ perspectives, key indicators and metrics 
are considered in Section 3. Section 4 develops a framework for cost- 
effectiveness analysis (CEA), with its application to case studies in 
Denmark explored in Section 5. Discussion in Section 6 provides rec-
ommendations for future research needed to help mainstream forest for 
water PES initiatives in national and European forest and water policies. 
Section 7 concludes. 

2. Relationships between tree planting, forest management and 
water quality 

2.1. Background on tree planting and forest-related benefits for watershed 
protection 

Forest ecosystems affect a range of water services, including altering 
water supplies, regulating flood flows, and reducing diffuse pollution 
(UNECE, 2018). The impact on water supplies reflects the strong influ-
ence of forests on water cycling due to the aerodynamically rough and 
well-ventilated nature of forest canopies, which affects energy and water 
exchange (Calder, 1990). Impacts can be positive or negative, with 
forests often associated with reducing water resources and flood flows, 
although both topics remain contentious (Filoso et al., 2017). Predicting 
the magnitude and sometimes the direction of change is made difficult 
by the myriad of factors involved, including climate, topography, 
vegetation, soil and geology, as well as forest design and management. 
Effects on flooding are further complicated by location, flood size and 
spatial scale (Environment Agency, 2017). 

Interactions between forests and water quality are better defined, 
with forests widely recognized as providing an important protection 
function (FAO, 2008,). This reflects the generally low level of pollutant 
inputs, efficient recycling of nutrients, low level of disturbance and 
ability to stabilize and improve soils (Morrow et al., 2010). Conse-
quently, waters draining forests are typically of very high quality and 
ecological condition, requiring little or no treatment for public water 
supply (Creed and van Noordwijk, 2018). Historic clearance of forests 
for agriculture and other land uses has resulted in the widespread loss of 
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water quality (e.g., Mapulanga and Naito, 2019). 
An advantage of tree planting is the semi-permanent nature of the 

land use change such that water benefits can be secured in the long- 
term. However, this relies on the trees being sustainably managed, 
with permanency often dependent on national legislation e.g., in 
Denmark, most forest areas are protected by the Forest Act and have to 
remain forest in perpetuity. Productive management can provide timber 
and wood fuel but where intensive forestry operations are used, such as 
for harvesting and extraction, these can pose pollution risks, as well as 
the temporary loss of water benefits until trees regrow after felling. 
These risks can be minimised through good forestry practice but requires 
great care in forest planning, design and management (Forestry Com-
mission, 2017). 

2.2. Scope for tree planting to improve water quality 

Smaller-scale, targeted planting of ‘woodlands’ within agricultural 
landscapes offers an efficient way of reducing pollutant losses from 
agriculture to water, while minimising impacts on agricultural busi-
nesses and food security. Many studies have demonstrated the ability of 
riparian tree buffers to purify water by capturing and removing nutrient, 
sediment and pesticide pollutants from upslope land (Nisbet et al., 
2011). A recent review has shown average (mean) reductions of 82% for 
nitrate, 27% for phosphate, 69% for sediment and 53% for pesticides, 
depending on a wide range of buffer design and management factors, 
especially buffer width (Pérez-Silos, 2017). Others have demonstrated 
the effectiveness of tree planting for removing key pollutant sources 
(Hansen et al., 2004). 

The uptake of tree planting for water-related benefits has often been 
severely limited by economic considerations, with UK landowners for 
example very reluctant to plant trees on prime agricultural land due to 
the loss of agricultural income and reduction in land value (Nisbet et al., 
2011; RFS, 2021). Grant support is available in some countries, but rates 
are lower than financial costs and opportunity costs, and thus often 
target less productive agricultural land. Higher payments, as well as PES 
schemes designed to take greater account of the motives and concerns of 
farmers, are likely to be required (Broch and Vedel, 2012). 

3. Assessing cost-effectiveness of forests for water PES 

3.1. Approaches for evaluating PES cost-effectiveness 

Assessing whether measures aimed at improving ES provision have 
been effective is essential to underpin evidence-based policy making. In 
Europe, implementation of forest-based measures to provide water- 
related services are linked to the WFD (European Commission, 2000). 
The Directive calls for the use of economic tools (e.g., CEA, see Annex 
III) to identify the best combination of measures to achieve its objectives 
(EC-WATECO, 2003), though it does not specify which approach should 
be used. While some have focused on cost minimization and benefit 
maximization (Balana et al., 2011), diverse methods have been used to 
assess programmes’ performance (Martin-Ortega and Balana, 2012), 
with a need for greater harmonisation of approaches at European level 
(Berbel and Expósito, 2018). 

CEA has previously been applied in various contexts. Measures 
considered were mainly agri-environmental practices (Lee et al., 2010, 
Matzdorf and Lorenz, 2010), (forest) Natura 2000 contracts (Anthon 
et al., 2010; Hily et al., 2015), rewilding (Schou et al., 2021), nitrogen 
load reduction (Fröschl et al., 2008), new technologies to reduce pol-
lutants (Whitehead et al. 2013), or water saving (Berbel et al. 2011). A 
cost-effectiveness approach has been also applied to analyse the reduc-
tion in individual or bundled multiple pollutants from agriculture in 
Australia (Rolfe et al. 2018). 

Few studies focused on tree planting or forest management to 
improve water quality (see Ovando and Brouwer, 2019), arguably due to 
peculiarities related to their management, implementation costs, and 

long-term effectiveness compared to other practices, such as cover crops 
(Liu et al., 2014). Those that focused on forestry investigated buffer 
zones to protect watercourses during harvesting (Laurén et al., 2007), 
ecological restoration measures (Lu et al., 2018), and returns on in-
vestments (Wang et al., 2017). 

Assessing PES effectiveness is complex, since it requires an empirical 
evaluation accounting for a range of socio-economic and environmental 
factors (Samii et al., 2014; Börner et al., 2020). Little attention has been 
given to PES schemes in relation to water quality improvement (Rey 
et al., 2018: 10-14). Two studies in Africa included water quality in the 
bundle of ES provided through agroforestry practices (Benjamin et al., 
2018) and the restoration of biodiversity hotspots (Wendland et al., 
2010). A study in Mexico investigated the effects of land use on water 
quality and public health (Mokondoko et al., 2016), while Kolinjivadi 
et al. (2015) studied the provision of drinking water in a Nepalese valley. 
The cost-effectiveness of forestry-related PES schemes aimed at 
improving water quality in accordance with WFD targets has so far been 
largely overlooked. The framework proposed in this study aims to fill 
this research gap. 

3.2. CEA for assessing forests for water PES 

CEA screens multiple alternatives or courses of action, by comparing 
their relative costs and outcomes (effects). It allows a narrowing down of 
alternatives to select the best options (Martin-Ortega et al., 2015). 

Cost-effectiveness studies rely on environmental outcomes being 
quantified using a metric that expresses these effects as a single number. 
CEA indicates the cost (economic or financial) per unit of environmental 
improvement and is often used to help determine the least-cost solution 
(UNEP, 2015). Water quality protection or improvement alternatives 
may include, for example, using NBS (i.e., tree planting) or grey tech-
nology (e.g., membrane filtration) (Gartner et al., 2017), or a mix of 
both. Watershed models can be useful in the absence of direct moni-
toring data to predict the potential impacts from various natural infra-
structure interventions using multiple simulations (e.g., Jones et al., 
2001). Determining what would be expected in the absence of the PES 
scheme is fundamental in quantifying the impact of its implementation 
and inadequate specification of this ‘baseline’ can result in erroneous 
conclusions and ineffective policies (e.g., Psaltopoulos et al., 2017). 

There are some significant challenges in the estimation of both total 
costs and environmental outcomes involving tree planting to improve 
water quality. Challenges include: (i) modelling and assessment of 
comprehensive cost functions; (ii) selection of the most appropriate cost- 
effectiveness metric when costs and water quality outcomes vary over 
time; (iii) the multidimensional character of water quality, and (iv) the 
presence of trade-offs and co-benefits . 

3.3. Costs and co-benefits of forest-based measures 

From the ES seller’s perspective (e.g., the landowner), the costs are 
represented by his/her participation costs. These include opportunity, 
implementation, and transaction costs mainly (Fig. 1). These costs 
jointly determine the minimum payment required for the landowner to 
participate in a PES scheme (Wünscher et al., 2008, Engel, 2016). The 
opportunity cost represents the net revenues forgone (e.g., from agri-
cultural production), or any loss in asset value (e.g., reduction in the 
market price of farmland that is afforested). Implementation costs are 
those associated with application in situ, although these may be zero 
where PES is currently applied. Transaction costs arise from activities 
including negotiation and data acquisition. 

Compensation to landowners for changing practices, or maintaining 
the provision of ES, often include an additional incentive. Due to 
asymmetric information and strategic behaviour, the landowner typi-
cally will also obtain an ‘information rent’ (Ferraro, 2008, Abildtrup 
et al., 2012). Different implementation strategies, individual negotia-
tions, flat rate schemes, or auctions have different impacts on the 
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owner’s ability to obtain an information rent, and can affect the cost- 
effectiveness of the PES scheme (Deng and Xu, 2015; Reeson et al., 
2011). Often, there will be a trade-off between the buyers’ transaction 
costs and the information rent to the seller. For example, with a flat rate 
scheme the need for negotiation is limited and there are no incentives for 
strategic behaviour, but a seller with low costs may obtain significant 
over-compensation. 

From the ES buyer perspective (i.e., agent or institution that pro-
motes or participates in a scheme), costs include transaction costs and 
payments to landowners (Fig. 1). The buyer’s transaction costs can 
include start-up costs, such as the information costs to analyse the 
feasibility of the scheme or site selection, negotiation costs, communi-
cation charges, legal fees, and definition of implementation and moni-
toring plans. Also, there are recurrent costs, such as monitoring 
expenses. 

ES buyers can in addition, or alternatively, opt for acquisition of 
environmentally sensitive watershed land. In that case, the opportunity 
cost of land use change could be embedded in the market price of the 
land. Acquisition resulting in the land value falling due to the affores-
tation is considered in this paper to constitute a form of PES. Cost- 
effectiveness can be estimated from a financial or a social (economic) 
perspective (European Commission, 2008). 

The consideration of co-benefits in assessing the cost-effectiveness of 
NBS, especially from a societal perspective, is key. Co-benefits refer to 
other beneficial outcomes (often positive externalities) delivered by the 
alternative. Such benefits can include carbon sequestration, recreation, 
and biodiversity conservation1 as well as water quantity-related benefits 
from flood risk attenuation, while potential disbenefits can include 
reduced water flows during droughts. Co-benefits can be integrated in 
CEA either directly (as positive value if they are positive externalities, 
such as more carbon sequestration or more valuable recreation activ-
ities), or indirectly by using multi-criteria analysis techniques (Balana 
et al., 2011, BEIS, 2019). Where co-benefits are included directly (the 
approach adopted in this paper), this tends to increase the cost- 
effectiveness. Where the value of the co-benefits exceeds the costs, 

cost-effectiveness becomes negative.2 Comparisons of negative cost- 
effectiveness are not straight-forward (Taylor, 2012). 

3.4. Metrics and indicators of cost effectiveness for single environmental 
outcomes 

A number of different water quality indicators may be used in esti-
mating cost-effectiveness. For tree-based measures, neither imple-
mentation costs, nor environmental outcomes are uniformly distributed 
over time. The simplest cost-effectiveness metric is the average ratio of 
cost-effectiveness (CEj) which is computed for alternative j by dividing 
the present value of its net costs (NCj) by the total environmental im-
pacts (Yj) obtained or expected over the project lifespan (Tj): 

CEj = NCj/Yj (1)  

Yj =
∑Tj

t=1

(
yj(t) − y0(t)

)

(1 + ρ)t ↔ yj(t) < y0(t) (2)  

NCj =
∑Tj

t=1

− cj(t) + bj(t)
(1 + r)t (3) 

Where yj and y0 represent the outcomes of the alternative j and the 
baseline situation (i.e., without the PES intervention), respectively, at 
each period of time t; cj is the annual cost associated with alternative j;3 

bj represents the co-benefits of alternative j; and r the associated dis-
count rate for monetary values. 

Environmental impacts in each period can either be added up 
regardless of when they take place, or discounted by a social discount 
rate (ρ). This discount rate can be either zero, if the timing of an 
improvement is irrelevant, or positive (e.g., a social discount rate) when 

Fig. 1. PES Cost model components.  

1 See, for example, Amiri et al. (2021) assessing ES jointly produced by 
measures for water quality protection implemented by Nestlé Waters in the 
Vittel catchment basin as part of a PES scheme. 

2 As the total environmental impacts (Yj) are expected to be negative, the CE 
ratio becomes negative when the numerator is positive.  

3 In Eq. (3) costs (accounted as negative values) are added to co-benefits 
(accounted as positive values) to estimate net costs. Net cost can be positive 
or negative (depending on co-benefit levels). On the other hand, for water 
quality improvements, yj(t) < y0(t), and hence Yj is expected to take a negative 
sign. 
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society (or an investor) prefers earlier environmental improvements.4 

Discounting environmental outcomes has previously been suggested to 
estimate forest carbon equivalent tonnes (Richards and Stokes, 2004). 

The complex dynamics of ecological processes condition the provi-
sion of ES over time, with selection of the most cost-effective solution 
influenced by the urgency needed (Accastello et al. 2019). Adopting 
high discount rates for environmental impacts (Eq. (2)) penalises delays 
in environmental improvements and can reflect this type of urgency. 

To compare projects of different lifespans (Tj) the cost and envi-
ronmental impacts can be annualised. The cost of alternative j can be 
expressed as the annuity equivalent value (cj

−
), and the environmental 

outcome as the average outcome over the project lifespan (yj
−

): 

CEj = cj
−
/yj
− (4)  

yj
−

=
Yj

Tj
(5)  

cj
−

= r∙
NCj

1 − (1 + r)− Tj
(6) 

The marginal cost-effectiveness ratio (MCEj) quantifying additional 
costs per unit of environmental improvement is considered a better 
approach in aiming for efficient resource use (e.g., Torgerson and 
Spencer, 1996). Marginal cost refers to the additional cost of delivering 
another unit of output as the investment levels change, for example 
increasing the area planted with trees by one hectare. The marginal costs 
may increase e.g., trees may be planted on more fertile land, increasing 
opportunity costs (see Konrad et al., 2017). On the other hand, there 
may be economies of scale, where fixed costs (e.g., start-up costs) imply 
that average cost decreases with project size. Marginal cost-effectiveness 
is more challenging to compute. It requires a better knowledge of the 
marginal environmental effects of forest-based interventions (e.g., 
increasing the width of buffer strips). It also requires information on the 
spatial distribution of opportunity and implementation costs, which can 
be enormous (Ferraro, 2003; Naidoo et al., 2006). The marginal cost- 
effectiveness ratio is defined as: 

MCEj(Y) =
ΔNCj(Y)
ΔYj(Y)

(7)  

where ΔNCj(Y) is the marginal increase in net costs for an environ-
mental improvement of one unit above the existing level (Y), and 
ΔYj(Y), the marginal environmental improvement for alternative j. 

3.5. Cost effectiveness when multiple environmental outcomes are 
involved 

A challenge in evaluating the cost effectiveness of water-related PES 
is the definition of appropriate indicators for the overall environmental 
impact. There are two main issues affecting these: the multidimension-
ality of water quality, and time lags in observing improvements. Many 
pollutants (physical, chemical or microbiological) can influence water 
quality. Table 1 illustrates four indicators and the water pollution 
thresholds under the EU Drinking Water Directive. 

Accounting for multiple water quality indicators can be essential in 
considering cost-effectiveness. A common procedure with multiple 
pollutants is to estimate the cost-effectiveness for each pollutant indi-
vidually and then apply multi-criteria models (Velasquez and Hester, 
2013) to determine the best option. An alternative is to estimate a 
comparable environmental performance index for each pollutant, and 
compare environmental outcomes to specific target levels, or against 

some benchmark (e.g., Rolfe et al., 2018). These indexes can be mapped 
individually, or weighted, to indicate overall performance. 

Let us consider further how a single pollutant performance index for 
each pollutant can be estimated. Let us assume that we have n potential 
alternatives, y1,⋯,yn, each with different impacts on water quality. We 
also assume that water quality is defined by a set of m indicators x1,⋯,

xm. Without any project selected, the indicators of water quality are 
assumed to remain at their initial levels (baseline), denoted by x0

1,⋯,x0
m. 

Interventions to improve water quality aim to reduce baseline levels. For 
each alternative j and for each indicator i, the environmental perfor-
mance index can be defined as the ratio between the obtained (or ex-
pected) improvement (x0

i − xex− post
i,j , where xex− post

i,j is the level of the 
indicator i after the implementation of alternative j) and the improve-
ment needed to reach the target (x0

i − xtarget
i,j ), where the targets are 

defined by pollution thresholds (Table 1), predetermined set standards, 
or specific project objectives. Note that for each pollutant i the initial 
concentration level is expected to be higher than the ex-post and target 
levels. 

di,j =
x0

i − xex− post
i,j

x0
i − xtarget

i,j
,∀x0

i > xtarget
i,j (8) 

If the performance indicator (di,j) is negative the alternative j is 
dominated by the baseline, denoting no environmental improvement for 
indicator i. When di,j is in the interval 0 to 1, the alternative j fails to meet 
the target for the indicator i. Finally, when the performance indicator is 
equal or higher than one, the alternative j meets the target for indicator i, 
improving that component of water quality to reach, or to exceed, the 
target. 

Individual performance indices can be represented together graphi-
cally (e.g., using radar charts). Alternatively, multicriteria approaches 
can be used to weight the relevance of pollutants and thresholds in 
attaining targets. For example, Chikalanov et al. (2018) propose a hi-
erarchical approach to evaluate the individual and global performance 
of individual water quality indicators to select the most cost-effective 
technology. A simpler multi-criteria approach is to apply weights to 
different pollutants indicating their relevance for decision-makers and 
obtain a single index of global environmental effectiveness (GP). This 
can be defined as: 

GPj =
∑m

i=1
wi∙di,j (9) 

The weights w1,w2;⋯,wm, given to each indicator reflect their 
relative importance. The index is then used to compare alternative 
measures. 

The second problem concerns the timing of environmental impacts. 
Forests rarely require fertiliser and therefore can act as effective buffers 
for reducing the quantity of nitrates and other pollutants from adjacent 
farmland entering water courses and groundwater. However, 

Table 1 
Water quality threshold values under the EU Drinking Water Directive(1).  

Indicator Unit Directive Requirement 
(threshold value) 

Nitrates mg/l 
Nitrate-N 

11.3 

Specific Pesticides including their 
relevant metabolities and reaction 
products (active s) (2) 

µg/l 0.1 

Total pesticides µg/l 0.5 
E-coli Number/ 

100 ml 
0 

Notes: (1) Directive 2020/2184 of 16 December 2020 on the quality of water 
intended for human consumption. (2) a lower threshold value of 0.03 micro-
gram/l applies to 4 pesticides (aldrin, dieldrin, heptachlor and heptachlor 
epoxide). 

4 In some cases, negative discount rates have been suggested for environ-
mental appraisals (e.g., see Fleurbaey and Zuber (2012)). 
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concentrations may take some time after tree planting to reach accept-
able levels, depending on local hydrology and soil characteristics. One 
option is to compute the cost effectiveness of the measures with refer-
ence to the pollutant inputs avoided after afforestation (e.g., kg of fer-
tilisers or pesticides applied). This provides an indication of the most 
cost-effective way to reduce or avoid the application of water 
polluting substances (Konrad et al., 2017). These indicators can be used 
to compare land-use based projects (e.g., afforestation, transition to 
organic farming, or to pastureland), but are not needed in considering 
water purification technologies that take immediate effect. 

3.6. Institutional aspects of cost-effectiveness 

The success of initiatives to create forests for water PES schemes 
depends on institutional factors. While often implemented ‘bottom-up’ 
based upon negotiations with the landowners, socio-economic condi-
tions and the legislative framework, regulated and controlled ‘top-down’ 
by state institutions (Fig. 2), can also be very important in their success. 

Organizations, including private and third sector groups, as well as 
governments and public sector bodies, play a variety of important roles 
that affect the cost-effectiveness of PES. These can include providing 
technical know-how and capacity needed for monitoring and ensuring 
additionality (environmental effectiveness) requirements are met and 
managing potential conflicts that may arise. By facilitating transactions, 
quantifying and certifying benefits provided, and helping underpin 
associated property rights, they can affect confidence in schemes, in-
crease market size and reduce transaction costs. These costs can be high 
and even reach 85 percent of total costs (Guillozet, 2016). 

The influence of institutions on cost-effectiveness can also be 
considered from an institutional economics perspective. We conceptu-
alize institutions following Hodgson (2006: 2) as “systems of established 
and prevalent social rules that structure social interactions”. A range of 
‘social rules’ can influence the cost-effectiveness of woodlands for water 
PES. These include rules affecting subsidies on agricultural land if trees 
are planted, and regulations (e.g., forest law) preventing reconversion to 

agriculture, both of which can increase the opportunity costs of wood-
land creation. They include water quality policy targets, where schemes 
are considered cost-effective to the extent that these targets are met. 
Ethical norms of fairness can affect the cost-effectiveness of schemes by 
influencing the degree to which payments are varied according to in-
dividual suppliers’ willingness to accept PES, or are fixed based upon 
other criteria (e.g., area of woodland planted). State aid rules often limit 
the maximum payments governments make to support woodland crea-
tion, thus constraining the potential impact of publicly funded schemes, 
influencing their effectiveness, and consequent cost-effectiveness. 

However, we focus on a more fundamental aspect related to under-
lying property rights and duties. The WFD is based upon the ‘Polluter 
Pays’ principle (Lindhout and van den Broek, 2014). A question that can 
arise is whether PES schemes helping meet WFD targets can be consid-
ered cost-effective if they are based upon the ‘Beneficiary Pays’ princi-
ple, given that formal responsibility for bearing the cost of water quality 
improvements lies with the polluters (i.e., farmers in the case of agri-
cultural diffuse pollution). The answer to this question depends on the 
perspective taken and aims of the scheme. The basis for different posi-
tions can be clarified if we distinguish ‘in principle’ from ‘pragmatic’ 
cost-effectiveness. 

From an ‘in-principle’ perspective, the extent to which costs are 
borne by those legally responsible for them is crucial in whether a 
scheme is considered socially and ethically acceptable, or legitimate 
and, by extension, cost-effective. A ‘Beneficiary Pays’ PES scheme in a 
context where the underlying legal framework is based upon the 
‘Polluter Pays’ principle, implicitly entails a redistribution of duties. 
From an ‘in-principle’ perspective, farmers should not be paid to achieve 
legal standards, but penalized if they fail to (Gawith and Hodge, 2017). 
Exceptions could arise, where water quality improvements are addi-
tional to legal requirements, or, more generally, above the appropriate 
‘reference level’ that landowners are expected by society to meet. The 
EU Common Agricultural Policy focuses on providing subsidies, whereas 
charging farmers for agricultural pollution would be more consistent 
with ‘Polluter Pays’ (Helm, 2016). However, whether applying the 

Fig. 2. Institutional context of PES scheme implementation.  
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‘Polluter Pays’ principle to farming is feasible in practice depends upon a 
number of pre-conditions. These include an ability to identify the 
pollution source, fines being sufficiently high to act as a deterrent, and 
polluters having sufficient funds to pay them (Mauerhofer et al., 2013). 
It also implicitly presupposes farmers know how to manage their land 
under uncertainty about timing and intensity of rainfall events in ways 
that avoid exceeding pollution thresholds, as otherwise penalties for 
infringements might be considered unfair. 

From a ‘pragmatic’ perspective, a ‘Beneficiary Pays’ scheme is cost- 
effective if less costly to society than other approaches (e.g., based on 
‘Polluter pays’). This is the most relevant perspective for policymakers 
concerned primarily with minimizing costs to society of meeting WFD 
targets. This is especially so where high monitoring and enforcement 
costs, or political or other barriers, currently preclude implementing the 
polluter pays principle at farm level. This perspective is adopted 
implicitly in this paper, while recognizing that societal reference levels 
are often important in shaping schemes in practice. 

4. Developing a new CEA framework 

4.1. Implications of time frame and imperfect information for CEA 

A key principle that underpins any PES scheme is that the financing 
structure is both sufficient and sustainable (Fripp, 2014). This ensures 
that incentives remain even in the face of continued competing local 
land uses. Given ongoing opportunity costs of land, recurrent payments 
are often required for ES provision to be sustained over the long term. 
From the landowners’ perspective, longer contract duration (or per-
manent land use change) often requires significantly higher compensa-
tion to be an attractive option (Broch & Vedel, 2012). However, farmers 
who already have woodland areas may be more likely to accept new 
afforestation schemes (ibid). 

Furthermore, the PES setting is often characterized by imperfect and 
asymmetric information, that can allow opportunistic behaviour such as 
uptake of payments by stakeholders who provide little additional ES 
(Froger et al., 2015), thereby reducing cost-effectiveness. It is often 
difficult to determine effective and fair compensation to ES providers 
because of heterogeneous land costs, multiple stakeholders, inadequate 
scientific knowledge, methodological limitations, and scattered distri-
bution of project outcomes. Opportunity costs are likely to vary, not only 
spatially (e.g., with land quality and existing use, accessibility, distance 
to water and susceptibility to flooding, plot size, etc.) and over time, but 
also according to socio-demographics of landholders (e.g., age, gender, 
education level, household size) (Rendon et al., 2016) – factors often 
neglected in CEA of PES schemes. 

There are a variety of approaches to estimating opportunity costs. 
These include expected net returns from land uses (i.e., income-based 
economic valuation approaches), proxies obtained from land attri-
butes, and land prices (i.e., asset-based economic valuation approaches), 
and from screening contracts and procurement auctions (i.e., asset 
allocation mechanisms). Considerable challenges exist in understanding 
the relationships between different opportunity cost methods, and 
identifying the most reliable, accurate, and cost-effective option 

(Rendon et al., 2016). Different methods and assumptions may yield 
significantly different opportunity cost estimates. 

Due to uncertainties in opportunity cost estimates, adopting a 
payment-based approach to the cost of PES schemes (i.e., an ES buyer 
perspective) may be simplest in practice for CEA. Nonetheless, it would 
be useful to develop a deeper understanding, advancing an explicit 
treatment of opportunity costs in PES negotiations, as well as commu-
nication of the uncertainties involved to all stakeholders (de Lima et al., 
2017). Understanding better underlying uncertainties would also be 
useful as PES schemes, particularly water-related ones, are often based 
on strong assumptions (Lele, 2009; Ponette-González et al., 2015). The 
application of a robustness approach (Yousefpour et al., 2017) that 
performs satisfactorily under all sources of uncertainty should also be 
considered, especially if the stakes are high, although this might not be 
most cost-effective under all scenarios. 

4.2. A new conceptual framework 

Drawing together the components of CEA described above, a new 
conceptual framework is shown in Fig. 3. More comprehensive analyses 
are characterised by increasing complexity, as further components are 
integrated. Institutional aspects impact on the effectiveness and cost- 
effectiveness of schemes, while metrics and modelling influence quan-
tification of the multiple outcomes. Uncertainty, risk, timeframes, and 
co-benefits are also accounted for in a comprehensive CEA. The latter 
can become crucial where local conditions are expected to be substan-
tially affected by climate change or related disturbances. Establishing 
treescapes resilient to climate change that sustain future water services 
is likely to be important both for environmental effectiveness and cost- 
effectiveness. Woodland creation is a long-term investment that can be 
highly sensitive to the time frame considered and discount rate applied. 
A comprehensive approach to CEA is recommended in future studies 
(where data allows). 

5. Danish case studies 

5.1. Background 

This section explores the application of some elements of the CEA 
framework developed in relation to Danish PES schemes. Applicability is 
considered in relation to three cases where municipality-owned water 

Fig. 3. Conceptual framework for CEA.  Fig. 4. Location of case studies in Denmark.  
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companies at Odense on Funen, and Aalborg on Jutland (Fig. 4) financed 
planting forests to protect groundwater against pollution by nitrate and/ 
or pesticides. 

Drinking water supplies in Denmark are entirely based on extraction 
of groundwater with only simple filtering and oxidation with no 
chemicals added (Bjerre, 2019). Hence, the focus of water quality 
management is preventing groundwater supplies becoming polluted, 
and combating the pollutant legacy of past agricultural production. 

Water supplies around Odense, the third largest city in Denmark, are 
especially vulnerable to pollution from pesticides. Over a quarter of 
VCS’s (the water company) production wells currently record levels of 
Desphenyl Chloridazone (DPC) in the groundwater over 0.1 μg/l (Bjerre, 
2019). While nitrate pollution of groundwater is not currently a concern 
in Odense, the Aalborg scheme focuses principally on reducing nitrate 
pollution from agriculture, as during the late 1990s, most groundwater 
supplies at less than 25 m depth had concentrations above 50 mg/l 
(Jakobsen, 2019), resulting in the closure of a large number of wells 
(Vasylyshyn, 2019). 

The Odense schemes involve a voluntary process of ‘land consoli-
dation’ (Hartvigsen, 2014) based on buying up agricultural land near 
vulnerable zones for groundwater recharge and swapping it with local 
farmers for land within these zones. The land is subsequently afforested 
and transferred to public or private partners at a cost below the market 
price for local agricultural land (Bjerre, 2019). Afforestation has ad-
vantages of not involving pesticide use, while entailing a permanent 
land use change – as national Forest law precludes reconversion to 
agriculture. Located close to a large city, the forest provides a range of 
co-benefits in addition to protecting water quality, with recreational use 
by members of the public encouraged. 

Elmelund Forest project, established in 2001, involved acquisition of 
380 ha of land for afforestation by VCS. Most was afforested by the state 
forest service under a partnership agreement that included the Danish 
Nature Agency and Odense Municipality. This project cost €15.8 million 
for all the institutions involved (Table 2). Brylle Water Forest project, 
initiated in 2014, involved the acquisition of 156 ha of land for affor-
estation, with another four ha included under agricultural agreements. 
The area was afforested under a partnership agreement with Hede-
selskabet, a private commercial foundation, with 40% of the land 
acquisition costs met by the latter and the remaining 60% by VCS. 
Afforestation of 104 ha together with annual management costs of this 
area plus an additional 28 ha are covered by Hedeselskabet, with 
maintenance costs for a further 15 ha of the new woodlands covered by 
the Municipality. Table 2 provides estimates of Hedeselskabet’s net 
afforestation costs after subtracting subsidies. The ‘land consolidation’ 
process in Brylle involved building trust and negotiations with local 
farmers, involving significant staff time, and associated transaction costs 
for VCS (Bjerre, 2019). 

The Aalborg scheme, which started 20 years ago, involves one-off 
payments to farmers to refrain permanently from intensive farming 

and use of fertilisers and pesticides on land most vulnerable for 
groundwater recharge. It also imposes restrictions on livestock density 
and ploughing frequency, and requires the maintenance of permanent 
crop cover. Within these restrictions, landowners are free to choose their 
land use, with afforestation and permanent grassland as the most com-
mon choices. Payments are based upon the resultant fall in market value 
of the land. The agreements, which now cover a total of 1500 ha, have 
cost the water company around €21 million over the last two decades 
(Jakobsen, 2019). 

5.2. Environmental effectiveness 

The scientific evidence shows that in Denmark forest cover generally 
provides higher water quality than agricultural land. For instance, 
monitoring data for the period 1986–93 from 1000 plots (each of 7 km2) 
showed nitrate concentrations in water draining from agricultural areas 
to average ~ 80 mg/l, compared to ~ 5 mg/l in forest areas (Gundersen, 
2019). 

Afforestation does not always result in an immediate improvement in 
water quality as the nitrate legacy from previous agricultural use can 
lead to a period of elevated leaching (Gundersen, 2019). A long-term 
study (17–31 years of data) of eight afforestation sites across Denmark 
revealed large reductions in nitrate concentrations at some sites, but 
surprisingly little change at others. Impacts depend on the species 
planted (e.g., oak is associated with a lower nitrate concentration than 
beech), soil type (e.g., nutrient rich soils often have a net loss of nitrogen 
for several decades after afforestation), soil preparation (e.g., depth of 
ploughing) and thinning regime (if any, to sustain nitrate removal), with 
further work needed to quantify better the influence of such factors 
(Gundersen, 2019). The average annual nitrate leaching from forests 
planted on agricultural land is estimated to be 12 kg N per ha (Eriksen 
et al., 2014: Gundersen et al., 2004; Gundersen et al., 2009), with a 
range of 0–25 kg N per ha per year (Hansen et al., 2004). This compares 
to an average annual nitrate leaching of 62 kg N per ha for agriculture 
(Børgesen et al., 2013) and an annual range of 40–80 kg N per ha 
(Kyllingsbaek et al., 2000). These estimates imply that planting forests 
on agricultural land could potentially reduce nitrate leaching to water 
by 50 kg N per ha per year, on average, with a range of 15–80 kg N per 
ha per year. 

The empirical evidence highlights a significant time lag before the 
benefits of afforestation impact groundwater quality. For instance, 20 
years after their introduction, impacts of measures under agreements 
established in Aalborg are evident for groundwater nearer the surface – 
generally characterised by a 5–10-year delay, while nitrate concentra-
tions in deeper groundwater at the extracted depth are still increasing 
due to the ‘agricultural legacy’ (Jakobsen, 2019). 

CEA studies often need to adopt a simple approach to quantifying 
water quality impacts of afforestation, drawing on changes to fertiliser 
and pesticide inputs, rather than measurement of leaching to 

Table 2 
Financial costs for the protection measures.  

Case study Funding body Area with land use change (ha) Total costs(in euros) Total cost per ha (€/ha) Annualised costs per ha (discount rate 3%)(€/ha/yr) 

Elmelund VCS 380 9,300,000 24,474  774.5 
Municipality 380 1,200,000 3,158  99.9 
Nature agency 380 5,300,000 13,947  441.4 
All 380 15,800,000 41,579  1,315.8 

Brylle VCS 160 3,000,000 18,750  593.4 
Hedeselskabet 132 1,636,432 12,397  392.3 
Municipality 15 185,517 12,368  391.4 
All(1) 160 4,821,949 30,137  953.7 

Aalborg Aalborg Water 1500 21,000,000 14,000  443.1 

Note: (1) Afforestation and management costs for the small area afforested under agreements with private landlords for the Brylle case study (13 ha in total) are not 
included in the cost estimates. 
Source: Own elaboration based on Bjerre (2019) and Jakobsen (2019). 
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groundwater (e.g., Konrad et al., 2017). We focus primarily on this 
approach for the case studies described below. 

Information about pesticides leaching to groundwater is relatively 
scarce. The Danish Pesticide Leaching Assessment (Brüsch et al., 2015) 
suggests that around one third of applied pesticides showed pronounced 
leaching to water to at least 1 m depth. DCP, the pesticide of most 
concern in terms of current impacts on groundwater in the Odense cases, 
is not mentioned in the latter report, though as its use by farmers is no 
longer permitted, leaching of this pesticide is no longer relevant to water 
quality protection through woodland creation. Total pesticide sales in 
Denmark during 2018 were 2,646 tonnes (Eurostat, 2018b). Assuming 
these were used for agriculture, which in turn comprises 2.615 million 
ha of land (Eurostat, 2018a), it implies average pesticide use of around 
1.01 kg per hectare. For CEA purposes, we use estimates for the per-
centage of pesticides leached to groundwater based upon Birkved and 
Hauschild (2006). They calculated average emissions to groundwater 
for a single Spring application of three of the most frequently used 
pesticides (Bentazone, MCPA and Pendimethalin) in Denmark ranging 
from 0.002% to 0.64%. Based upon the average emission for these three 
pesticides (0.26%), we estimate that 2.63 g (range 0.02–6.46 g) of 
pesticides leaching to water annually from agricultural land, with 
afforestation eliminating this. 

5.3. Cost effectiveness 

For illustrative purposes, we first compare estimates of the cost of the 
different land use change and management measures adopted by VCS to 
reduce risks of pesticide contamination of groundwater supplies for the 
municipality of Odense. These include afforestation of agricultural land, 
conversion of agricultural land to grassland or permanent set-a-side 
(jointly referred to as ‘Open nature’), and changes in farm manage-
ment such as excluding pesticides or converting to organic farming. 

Table 3 shows the cost per hectare associated with these measures 
when estimated from a societal point of view (DOERS, 2015b). The es-
timates are based on an assessment of the average cost for 50 case study 
areas with vulnerable groundwater in Denmark (ibid, chapter 2). They 
account for opportunity and implementation costs plus co-benefits from 
land use changes. The opportunity costs of land-use changes are derived 
from an econometric model of farm-level decisions, while afforestation 
costs (net of revenues from timber) are estimated over a rotation period, 

and annualised using a fixed 3% real discount rate (r), which is in the 
range of discount rates frequently applied in the literature to discount 
long-term forestry investments in European Countries (e.g., Brukas et al. 
2001; Sauter and Mußhoff, 2018). As the analysis takes a national 
perspective, changes in EU subsidies are included, but changes in na-
tional subsidies are not. 

Market-based co-benefits include hunting values, while non-market 
co-benefits comprise changes in carbon emissions and recreational 
values. Table 3 presents the average and range of estimated values, as 
reported by the Danish Council of Environmental Economics (DOERS, 
2015a,b), for non-market co-benefits from afforestation, open nature, a 
pesticides ban in agriculture, or organic farming. These non-market 
values include CO2 sequestration (reduction), nitrates reduction in 
surface water and recreational benefits from the previous land use 
measures. 

Table 3 highlights the importance of accounting for co-benefits, but 
also the wide range of co-benefit values, which tend to be context and 
site specific, and influenced by factors such as site productivity condi-
tions, land management, or proximity to larger population settlements 
(DOERS 2014). The latter is critical for recreation benefits (ibid). The 
intervals reflect the lowest and highest values based on the assessment of 
the co-benefits in 50 case areas distributed geographically over 
Denmark. When co-benefits are ignored, afforestation is the costliest 
measure, while agriculture without pesticides involves the lowest direct 
cost. However, afforestation becomes more attractive and even the most 
attractive measure when co-benefits are accounted for, mainly due to 
the large recreational benefits, which are expected to be especially high 
near to cities. For Elmelund, close to Odense, the average recreation 
value is probably underestimated, which would imply that social ben-
efits from afforestation are closer to the upper bound of the range of 
values presented in Table 3. 

Table 4 provides indicative estimates of the annualised cost- 
effectiveness ratio (Eq. (4)) based upon a partial application of the 
new CEA framework (Section 4). This analysis considers a range of costs, 
co-benefits and environmental outcomes over a 100-year time horizon 
with respect of two pollutants (nitrate or pesticide). The estimates 
concern firstly an average afforestation measure to protect Danish 
groundwater supplies from agricultural nitrate, assuming an average 
reduction in nitrate leaching by 50 kg N, with a range of 15 – 80 kg N, 
per ha per year compared to the baseline agricultural land use. Secondly, 

Table 3 
Social costs of land use measures to protect groundwater from pesticide pollution by agriculture (in €/hectare/year, at 2015 prices).  

Direct costs (1) Afforestation Open nature Agriculture without 
pesticides 

Organic 
farming 

1.1 Opportunity cost of conventional agricultural production − 320 − 320 − 80 − 227 
1.2 Cost of afforestation net of future timber revenues (r = 3%) or Cost of creating open nature 

areas (r = 3%) 
− 213 − 187 0 0 

1.3 Changes in hunting value 27 13 0 0 
1. Total direct cost ¡507 ¡493 ¡80 ¡227 
2.1 CO2 reduction (2)(3) 333 120 0 40  

(189 – 468) (90 – 150) - (30 – 50) 
2.2 Nitrate reduction in surface water (2) 173 173 0 93  

(16 – 902) (16 – 902) - (0 – 255) 
2.3 Recreation benefits (2) 1493 1387 0 0  

(133 – 4667) (124–4340) - - 
2. Total co-benefits (2) 2000 1680 0 133  

(338 – 6037) (230 – 5392) - (30–305) 
3. Net cost accounting for co-benefits (1 þ 2) 1493 1187 ¡80 ¡93  

(-169 – 5530) (-263 – 4899) - (-197 – 78) 
4. Changes in subsidies from EU − 67 − 253 0 93 

Notes: (1) Cost or reductions in values are shown with negative sign, and benefits and increases with a positive sign. Total may not correspond to row or column sums 
due to rounding. (2) In parenthesis the range of reported values of the co-benefits from land use measures. (3) This is valued at a carbon price of €60 per tonne CO2 – 
which is the estimated shadow price of CO2 emission reductions in the sectors not included in the European Emissions Trading System (ETS), with the value for the 
afforestation alternative computed as the annuity (to infinity) of the present value of the carbon sequestered over the first rotation period. 
Source: Own elaboration based on based on DOERS (2015a,b); we consider a 7.5 DKK/euro exchange rate. 
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they consider woodland creation to protect groundwater from pesticide 
pollution at both Elmelund and Brylle (Odense), assuming a decline in 
pesticide leaching by 2.63 g, with a range of 0.02–6.46 g, per ha per 
year. 

Cost-effectiveness ratios are estimated from financial and social 
perspectives, using two discount rates for environmental outcomes (ρ =
0 and ρ = 3%), and one real discount rate (r = 3%) for costs and co- 
benefits of the afforestation projects. We recognise that the appro-
priate discount rate to apply to forestry investments remains a matter of 
debate. The 3% discount rate fits within the time preference discount 
rates range (0% − 8%) frequently applied to forestry projects (Brukas 
et al. 2001; Sauter and Mußhoff, 2018). 

The financial costs account for payments to the landowners, which 
are assumed to cover their opportunity, implementation, and trans-
action (including scheme implementation) costs (Fig. 1). Non-market 
co-benefits are not captured in the financial costs, but reduce the so-
cial costs, hence those enter with a positive sign in estimating those. 
Table 2 provides annualised financial costs for the three case studies, 
estimated using Eqs. (2) to (6). We account for the range of co-benefit 
values from Table 3 in assessing the cost-effectiveness of afforestation 
from a social perspective. 

Table 4 includes central estimates (average cost, co-benefits and 
environmental outcomes), as well as ranges. The wide ranges partly 
reflect spatial variations in co-benefits such as recreation related to the 
site’s distance to urban areas, as well as the range in pollutant reduction 
(e.g., depending upon the specific pesticide). The large difference in the 
estimated cost-effectiveness of afforestation measures to reduce nitrate 
compared to pesticides reflects the much lower quantities applied and 
toxicity thresholds for the latter. Comparable data are sparse to place 
these in context, while interpretation is hampered by the estimates being 
input-based. However, if an average rate of water recharge in Denmark 
of around 100 mm/yr (GEUS, n.d.) is assumed, this equates to 1,000,000 
litres/ha/yr. The 50 kg N/ha/year estimate in Table 4 for the reduction 
in nitrate load would then imply a 50 mg Nitrate-N/l average reduction 
(range 15–80 mg N/l reduction) in the nitrate concentration in the 
annual water recharge if all was leached to water - which is over four 
times the nitrate threshold in Table 1. Similarly, the 2.63 g/ha/yr esti-
mate in Table 4 for the reduction in pesticides would imply a 2.63 µg/l 
average reduction (range 0.02–6.46 µg/l) in the pesticide concentration 

– a level over five times the total pesticides threshold. 
We do not estimate the cost effectiveness ratio for multiple envi-

ronmental outcomes (Eqs. (8) and (9)) due to the absence of monitoring 
data for the case study areas, which prevents the calculation of an 
environmental performance index for individual pollutants. Likewise, 
due to the lack of data we were not able to estimate the marginal cost 
effectiveness for these case studies (Eq. (7)). 

5.4. Lessons learned 

In Denmark, the key issue for protecting the groundwater reserves is 
to cease conventional agriculture in hydrologically vulnerable areas. 
The cases we investigated show two different approaches; either: 1) 
negotiate contracts with individual landowners with a one-off payment 
and permanent ban on pesticides/fertilisers, with ownership unaltered; 
or 2) afforestation through public–private partnerships with ownership 
transferred to the state or a commercial foundation. 

In Odense, the focus was on ensuring protection against future 
pesticide contamination of groundwater supplies, with afforestation 
securing a permanent land use change. Given the interests of the partner 
organisations (i.e., in Elmelund; the municipality, water utility and the 
state nature agency), and the proximity to a large urban area, there was 
a focus on also providing recreational benefits. In Aalborg, the PES 
schemes focused on reducing nitrate pollution and were established 
through contracts with individual landowners targeting specific catch-
ment areas and sites near extraction points. The schemes entailed some 
flexibility in private land use while securing permanent restrictions. The 
costs to the water companies based on their own estimates (Table 2) 
were between €400 and €800/ha per year. Although the financial costs 
of the Aalborg scheme appear lower than those of the Odense schemes, 
this is likely an artefact of no land acquisition costs being involved. For 
Elmelund and Brylle the land acquisition costs were assumed to be fully 
covered over the 100-year period without the land’s subsequent value 
being considered, which might be overly-conservative. 

Of the Odense schemes, the costs are highest for Elmelund (affores-
tation and state ownership), hence a lower cost effectiveness is esti-
mated for this case (Table 4). However, were some benefits also higher 
(e.g., recreational benefits greater due to comprehensive access rights in 
state forests and its proximity to Odense), differences in cost- 

Table 4 
Estimation of average cost-effectiveness of afforestation measures to reduce agricultural nitrate and pesticide pollution in Denmark(1).   

Nitrate reduction Pesticide reduction 

Average Denmark Elmelund Brylle 

Financial Social Financial Social Financial Social(4) 

Annuity (€/ha/year) 

Cost of the scheme − 507 − 507 − 1,316 − 1,316 − 954 − 1,050 

Co-benefits (2)  2,000  2,000  2,000   
(338–6037)  (338–6037)  (338–6037) 

Changes in EU subsidies  − 67  − 67  − 67 
Total net cost (2) − 507 1,426 − 1,316 617 − 954 883   

(-236 – 5463)  (-1044 – 4654)  (-779 – 4920) 

Environmental outcomes (T = 100 years)(3) kg Nitrate-N/ha/year g pesticide/ha/year 
Pollutant reduction (ρ = 0) (2) − 50.0 − 2.63  

(-15 – − 80) (-0.02 – − 6.46) 
Equivalent pollutant reduction (ρ = 3%)(2) − 16.3 − 0.9  

(-4.9 – − 26) (-0.007 – − 2.1) 

Cost effectiveness ratio (CE) €/kg Nitrate-N €/mg pesticide 
Average cost effectiveness (r = 3%, ρ = 0) (2) 10.1 − 28.5 0.50 − 0.23 0.36 − 0.34 

(6.3–33.8) (-68.3 –15.7) (0.2 – 65.8) (-0.72 – 52.2) (0.15 – 47.7) (-0.76 – 38.9) 
Average cost effectiveness (r = 3%, ρ = 3%) (2) 31.2 − 87.6 1.54 − 0.72 1.11 − 1.03 

(19.5–103.9) (-209.8 –48.3) (0.63 – 202.1) (-2.21 – 160.5) (0.45 – 146.5) (-2.34 – 119.6) 

Source: Own elaboration based on Tables 2 and 3. 
Notes (1) Cost or reductions in values - including pollution reductions, are shown with negative sign, and benefits and increases in values with a positive sign. (2) In 
parenthesis the range of values considered/estimated. (3) 100 years selected to reflect approximate rotation length for broadleaves. (4) Social cost of afforestation higher 
than financial cost as national subsidies are excluded. 
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effectiveness between Elmelund and Brylle would be less marked. 
Furthermore, were there differences in pesticide use between the two 
areas, this potentially could reverse their relative cost-effectiveness. 

Transaction costs (i.e., meetings, landowner negotiations, etc.) were 
substantial, accounting for 30% of the water company’s total costs of 
around €3 million for the project in the case of Brylle (Bjerre, 2019). 
From a societal perspective, apart from the low estimates, we see that 
the estimated cost-effectiveness of groundwater protection by affores-
tation is negative as the size of the co-benefits is greater than the costs. 

The national institutional setting played a key role in the success of 
the schemes. The water utilities strived to create and maintain good 
relations with the landowners and agree contracts (involving compen-
sation) voluntarily. However, if this was impossible, they could use the 
legal system to seek a ban on pesticide and fertiliser use given the so-
cietal importance placed on protecting groundwater. 

In none of these cases have the water utilities carried out an explicit 
CEA. This is due to two main factors. First, the very long-time horizon 
and the uncertainties involved in assessing the environmental impacts. 
For VCS, changes in land use were considered an insurance against 
future pollution by pesticides use. The measures reflect an application of 
a precautionary principle. For Aalborg difficulties in modelling envi-
ronmental impacts due to heterogenous geological layers and time lags 
made explicit assessment less important. Even two decades after 
groundwater protection measures were introduced, there has yet to be a 
clear impact on the nitrate concentration at the depth used for supplies. 

6. Discussion 

6.1. Cost-effectiveness from a wider environmental goals’ perspective 

Instead of focusing on water quality indicators, cost-effectiveness 
could be assessed by focusing on other water-related benefits (e.g., 
flood risk attenuation), or on wider benefits such as climate change 
mitigation, with water quality impacts viewed as co-benefits. 

An example of a cost-effectiveness assessment of a tree planting for 
water project from a climate change mitigation perspective, is the 
evaluation for the ‘Slowing the Flow’ project in North Yorkshire, En-
gland (Nisbet et al., 2015). This project was initiated to reduce the risk of 
flooding in the town of Pickering, with the cost-effectiveness of wood-
land creation estimated at -£20/tCO2 to £31/tCO2. The negative value 
indicates a net benefit of woodland creation before considering climate 
change mitigation benefits, while the positive values indicates a net cost 
per tonne of carbon dioxide saved. 

The perspective of most interest will depend upon the primary out-
comes those seeking information on cost-effectiveness of forest for water 
PES are interested in, i.e., water quality improvements per se, flood risk 
reduction, climate change mitigation, recreation or other ES. For those 
interested primarily in climate change mitigation, estimated costs per 
tonne of carbon may be most influential in deciding whether to pay for 
forest creation, even where the measures have ostensibly been targeted 
at providing water quality improvements. 

To facilitate comparisons of alternative options in meeting multiple 
environmental objectives, in an analogous way to that discussed above 
with multiple pollutants, cost-effectiveness could be computed sepa-
rately for each objective, with multi-criteria models then applied to 
select the most cost-effective approach taking account of its performance 
in addressing each goal. Assigning costs in pursuit of specific objectives 
would similarly be a challenge, although where all of the alternatives are 
expected to make a positive contribution to each, costs could potentially 
be apportioned based on the share of desired environmental improve-
ments implied by the weighting applied to different objectives. 

6.2. Research gaps and future research needs 

In assessing the cost-effectiveness of woodlands for water PES, 
several challenges remain. Two of them demand particular attention: 1) 

standardized cost-effectiveness metrics and approaches; and, 2) evi-
dence gaps on environmental performance. 

Standardized metrics and approaches would help systematize anal-
ysis across different contexts and aid comparisons between projects and 
countries. Practitioners may be confronted with a myriad of potential 
starting points for CEA. Projects may have specific water quality metrics 
to assess, but non-practitioners may consider others more suitable for 
their needs. Standardized metrics and approaches may reduce the costs 
of adapting CEA to specific contexts. Flexibility ideally should be 
compared against the cost savings from the use of a more generalized 
approach. Further work is needed to develop and understand the full 
potential of such standardized metrics and approaches. The recently 
adopted statistical SEEA-Ecosystem accounting does not propose 
standardised metrics and approaches for CEA, but can be helpful in 
suggesting criteria to quantify and value water purification services 
(UNSD, 2021: 128; 151; 191). 

Evidence gaps on environmental performance are equally important 
to address. Quantifying environmental performance is often far more 
costly than verifying land-use or land management changes. As less 
costly alternatives to empirical monitoring, impacts are often estimated 
either using changes in land use and management (e.g., based upon 
modelling results on the impact of tree planting on groundwater qual-
ity), or simply based on changes in inputs. Drawing upon the example of 
ones created to underpin an emerging market for forest carbon (Valatin 
and Nisbet, 2017), the PESFOR-W COST Action5 has developed simple 
look-up tables for the impact of tree planting on water quality (Nisbet et 
al 2021). Such tables could help simplify and reduce the cost of CEA of 
woodlands for water PES schemes. There appears sufficient data on 
impacts for some pollutants (e.g., nitrates), while for others further 
research is needed to strengthen the scientific evidence base supporting 
the development of environmental performance look-up tables. 

7. Conclusions 

Decades of intensive farming practices have resulted in widespread 
degraded and polluted water resources in Europe. We have proposed a 
framework for conducting CEA of forests for water PES schemes 
designed to help combat the high pressure on surface or groundwater 
resources. In addition to establishing a framework, we have analysed 
three cases of PES for water in Denmark, where forests are used exten-
sively to protect groundwater catchment areas. The framework, as well 
as the cases, highlight the often complex nature of assessing costs and 
impacts on water quality, especially due to the complexity of hydro-
logical processes and time lags before environmental benefits arise (or 
can be measured) – particularly for groundwater at depth. For the water 
protection schemes considered, lack of empirical monitoring data over a 
period long enough to demonstrate impacts at abstraction depths, or 
availability of associated hydrological modelling estimates, precluded 
CEA in terms of reduced pollutant concentrations or loads, although an 
application in terms of reduced inputs was feasible. 

The Danish case studies illustrate the fundamental role institutional 
factors can play – such as in providing the long-term legal protection to 
forests and enabling water companies to seek mandatory changes to land 
management practices where voluntary approaches fail. They also 
illustrate the importance of accounting for societal co-benefits. These 
are often greater than the costs of implementing woodlands for water 
PES schemes such that there is a net social benefit of implementing 
woodlands for water PES schemes even before considering the water 
quality improvement. Where this holds, there is a very strong justifica-
tion for government support to develop this type of NBS. 

For the water companies involved, a simple comparison of the costs 

5 a research network spanning 40 countries that runs from Oct 2020 to April 
2021, the aims of PESFOR-W can be found in Valatin et al. (2017), with further 
details at https://www.forestresearch.gov.uk/research/pesforw/. 
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of alternative measures may suffice for decision-making in the case 
studies considered. However, CEA is of wider significance in helping 
guide policy decisions on potential of forestry and land use measures in 
meeting statutory water quality and other (e.g., climate change miti-
gation) targets, as well as providing information that could encourage 
investment in provision of associated ES and more sustainable water 
management. Standardizing protocols at European level for CEA would 
facilitate future comparisons and targeting resources. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

This article is based on work from COST Action CA 15206 Payments 
for Ecosystem Services (Forests for Water), supported by COST (Euro-
pean Cooperation in Science and Technology) www.cost.eu. We thank 
Benedetto Rugani and Carlo Giupponi for their comments on an early 
version of the paper, and the participants of the Odense workshop, 
including Pernille Stampe Jakobsen, Troels Kærgaard Bjerre, Allan 
Bechsgaard, Andreas Bjerre Scheffel and Per Gundersen. This work was 
supported in part by a grant overseen by the French National Research 
Agency (ANR) under the “Investissements d’Avenir” programme (ANR- 
11-LABX-0002-01, Lab of Excellence ARBRE), the Macaulay Develop-
ment Trust Fellowship in Natural Capital, and the Forestry Commission 
and devolved government departments of forestry and natural resources 
in Great Britain Science and Innovation Strategy Programme. 

References 

Abildtrup, J., Jensen, F., Dubgaard, A., 2012. Does the Coase theorem hold in real 
markets? An application to the negotiations between waterworks and farmers in 
Denmark. J. Environ. Manage. 93 (1), 169–176. https://doi.org/10.1016/j. 
jenvman.2011.09.004. 

Accastello, C., Blanc, S., Brun, F., 2019. A Framework for the Integration of Nature-Based 
Solutions into Environmental Risk Management Strategies. Sustainability 11, 489. 
https://doi.org/10.3390/su11020489. 

Amiri, T., Abildtrup, J., Garcia, S., Montagné-Huck, C., 2021. Identifying resident’s 
environmental and social preferences around to the impluvium of Vittel: evidence 
from a choice experiment. Presentation at Conference EAERE, Berlin. 

Anthon, S., Garcia, S., Stenger, A., 2010. Incentive Contracts for Natura 2000 
Implementation in Forest Areas. Environ. Resour. Econ. 46 (3), 281–302. https:// 
doi.org/10.1007/s10640-009-9341-1. 

Balana, B.B., Vinten, A., Slee, B., 2011. A review on cost-effectiveness analysis of agri- 
environmental measures related to the EU WFD: Key issues, methods, and 
applications. Ecol. Econ. 70 (6), 1021–1031. https://doi.org/10.1016/j. 
ecolecon.2010.12.020. 

Baylis, K., Peplow, S., Rausser, G., Simon, L., 2008. Agri-environmental policies in the EU 
and United States: A comparison. Ecol. Econ. 65 (4), 753–764. https://doi.org/ 
10.1016/j.ecolecon.2007.07.034. 

BEIS, 2019. Valuation of Energy Use and Greenhouse Gas. HM Treas. Dep. Energy Clim. 
Chang, London UK, p. 25. 

Benjamin, E.O., Sauer, J., 2018. The cost effectiveness of payments for ecosystem 
services—Smallholders and agroforestry in Africa. Land Use Policy 71, 293–302. 
https://doi.org/10.1016/j.landusepol.2017.12.001. 

Berbel, J., Expósito, A., 2018. Economic challenges for the EU Water Framework 
Directive reform and implementation. Eur. Plan. Stud. 26 (1), 20–34. https://doi. 
org/10.1080/09654313.2017.1364353. 

Berbel, J., Martin-Ortega, J., Mesa, P., 2011. A Cost-Effectiveness Analysis of Water- 
Saving Measures for the Water Framework Directive: The Case of the Guadalquivir 
River Basin in Southern Spain. Water Resour. Manag. 25 (2), 623–640. https://doi. 
org/10.1007/s11269-010-9717-6. 

Birkved, M., Hauschild, M.Z., 2006. PestLCI—A model for estimating field emissions of 
pesticides in agricultural LCA. Ecol. Modell. 198 (3-4), 433–451. https://doi.org/ 
10.1016/j.ecolmodel.2006.05.035. 

Bjerre, T., 2019. Groundwater protection and drinking water supply in Odense. 
Presentation to PESFOR-W COST Action workshop, Odense, 20-22 March. 

Børgesen, C. D., Jensen, P.N., Blicher-Mathiesen, G., Schelde, K. (editors), 2013. 
Udviklingen I kvælstofudvaskningen og næringsstofoverskud i dansk landbrug for 
perioden 2007-2011. Evaluering af implementerede virke-midler til reduktion af 
kvælstofudvaskning samt en fremskrivning af planlagte virkemidlers effekt frem til 
2015.[Developments in nitrogen leaching and nutrient surpluses in Danish 
agriculture for the period 2007-2011. Evaluation of implemented instruments to 

reduce nitrogen leaching and a projection of the effect of planned instruments until 
2015]. DCA report 31. 

Börner, J., Schulz, D., Wunder, S., Pfaff, A., 2020. The effectiveness of forest conservation 
policies and programs. Annu. Rev. Resour. Econ. 12 (1), 45–64. https://doi.org/ 
10.1146/annurev-resource-110119-025703. 

Broch, S.W., Vedel, S.E., 2012. Using choice experiments to investigate the policy 
relevance of heterogeneity in farmer agri-environmental contract preferences. 
Environ. Resour. Econ. 51 (4), 561–581. https://doi.org/10.1007/s10640-011-9512- 
8. 

Brouwer, R., Tesfaye, A., Pauw, P., 2011. Meta-analysis of institutional-economic factors 
explaining the environmental performance of payments for watershed services. 
Environ. Conserv. 38 (4), 380–392. https://doi.org/10.1017/S0376892911000543. 

Brukas, V., Jellesmark Thorsen, B.o., Helles, F., Tarp, P., 2001. Discount rate and harvest 
policy: Implications for Baltic forestry. For. Policy Econ. 2 (2), 143–156. https://doi. 
org/10.1016/S1389-9341(01)00050-8. 

Brüsch, W., Rosenbom, A.E., Badawi, N., Gudmondsson, L., von Platten-Hallermund, F., 
Nielsen, C.B., Plauborg, F., Laier, T., Olsen, P., 2015. The Danish Pesticide Leaching 
Assessment Programme: Monitoring results May 1999–June 2013. København GEUS. 

Calder, I.R., 1990. Evaporation in the Uplands. John Wiley and Sons Ltd., Chichester.  
Chikalanov, C., Lyubenova, M., Peteva, S., Petkov, Y., 2018. Cost effectiveness 

assessment of forest ecosystem services for water bodies protection. In: Proceeding 
“Multidisciplinary Scientific Conference MIC – VIS“. 

Collins, A.L., Zhang, Y.S., Winter, M., Inman, A., Jones, J.I., Johnes, P.J., Cleasby, W., 
Vrain, E., Lovett, A., Noble, L., 2016. Tackling agricultural diffuse pollution: What 
might uptake of farmer-preferred measures deliver for emissions to water and air? 
Sci. Total Environ. 547, 269–281. https://doi.org/10.1016/j.scitotenv.2015.12.130. 

Creed, I.F., van Noordwijk, M., 2018. Forest and water on a changing planet: 
vulnerability, adaptation and governance opportunities. A global assessment report. 
IUFRO World Ser. 38, 192 pp. 

Dasgupta, P., 2021. The Economics of Biodiversity: The Dasgupta Review. HM Treasury, 
London.  

de Lima, L.S., Krueger, T., García-Marquez, J., 2017. Uncertainties in demonstrating 
environmental benefits of payments for ecosystem services. Ecosyst. Serv. 27, 
139–149. https://doi.org/10.1016/j.ecoser.2017.09.005. 

Deng, X., Xu, Z., Yang, J., 2015. Green auctions and reduction of information rents in 
payments for environmental services: An experimental investigation in Sunan 
County, Northwestern China. PLoS One 10 (3), e0118978. https://doi.org/10.1371/ 
journal.pone.0118978. 

DOERS, 2015a. Economy and Environment, 2015. Report from the Chairmen of the 
Danish Council of Environmental Economics. Danish Econ. Counc. (In Danish). 
https://dors.dk/files/media/rapporter/2015/m15/m15.pdf Accessed 8/7/21. 

DOERS, 2015b. Analysis of costs of measures to protect groundwater and drinking water 
in various areas in Denmark. Basis for estimations. Danish Econ. Counc. Revised, 10/ 
02/2015 (In Danish). Accessed 8/7/21. https://dors.dk/files/media/rapporter 
/2015/m15/beregningsgrundl. 

DOERS, 2014. Economy and Environment, 2014. Report from the Chairmen of the 
Danish Council of Environmental Economics. Danish Econ. Counc. (In Danish). 
https://dors.dk/files/media/rapporter/2014/m14/m14.pdf Accessed 8/7/21. 

EC-WATECO, 2003. Common Implementation Strategy for the Water Framework 
Directive (CIS). Office for Official Publications of the European Communities. 
https://doi.org/10.2779/53333. 

EEA, 2018. European Waters Assessment of Status and Pressures. EEA Report No 7/2018. 
Eur. Environ. Agency, Luxemb. 

Engel, S., 2016. The Devil in the Detail : A Practical Guide on Designing Payments for 
Environmental Services. Int. Rev. Environ. Resour. Econ. 9, 131–177. https://doi. 
org/10.1561/101.00000076. 

Environment Agency, 2017. Working with Natural Processes – Evidence Directory. 
Append. 2, Lit. Rev. Proj. SC150005. Environ. Agency, Bristol. pp. 332. 

Environment Agency, 2012. Targeting land use change options to meet water quality 
objectives in English priority areas. Environ. Agency Rep. by C Burgess, Environ. 
Agency, Bristol. 

Eriksen, J., Jensen, P.N., Jacobsen, B.H. (Editors), 2014. Virkemidler til realisering af 2. 
Generations vandplaner og maalrettet arealregulering [Instruments for the 
realization of 2nd generation water plans and targeted area regulation]. DCA 
RAPPORT NR. 052, Nationalt Center for Fødevarer og Jordbrug, Aarhus Un. 

European Commission, 2008. Water Cost. Elements of Cost-effectiveness Analysis. North 
Denmark EU Office. 

European Commission, 2000. Directive 2000/60/EC of the European Parliament and of 
the Council, of 23 October 2000, establishing a framework for Community action in 
the field of water policy. Off. J. Eur. Econ. L 327, 12–22. 

Eurostat, 2018a. Sales of Pesticides in the EU. European Commission. https://ec.europa. 
eu/eurostat/web/products-eurostat-news/-/DDN-20181015-1. Accessed 27/1/21. 

Eurostat, 2018b. Agriculture, forestry and fishery statistics. Publications Office of the 
European Union. 10.2785/340432. 

FAO, 2008. Forests and water: A thematic study prepared in the framework of the global 
forests resources assessment 2005. FAO Forestry Paper 1555. FAO, Rome. 

Ferraro, Paul J., 2008. Asymmetric information and contract design for payments for 
environmental services. Ecol. Econ. 65 (4), 810–821. https://doi.org/10.1016/j. 
ecolecon.2007.07.029. 

Ferraro, P.J., 2003. Assigning priority to environmental policy interventions in a 
heterogeneous world. J. Policy Anal. Manag. 22, 27–43. /10.1002/pam.10094. 

Filoso, S., Bezerra, M.O., Weiss, K.C.B., Palmer, M.A., 2017. Impacts of forest restoration 
on water yield: A systematic review. PLoS One. https://doi.org/10.1371/journal. 
pone.0183210. 

Fleurbaey, M., Zuber, S., 2012. Climate policies deserve a negative discount rate. Chi. J. 
Int’l L. 13, 565. 

G. Valatin et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.jenvman.2011.09.004
https://doi.org/10.1016/j.jenvman.2011.09.004
https://doi.org/10.3390/su11020489
https://doi.org/10.1007/s10640-009-9341-1
https://doi.org/10.1007/s10640-009-9341-1
https://doi.org/10.1016/j.ecolecon.2010.12.020
https://doi.org/10.1016/j.ecolecon.2010.12.020
https://doi.org/10.1016/j.ecolecon.2007.07.034
https://doi.org/10.1016/j.ecolecon.2007.07.034
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0035
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0035
https://doi.org/10.1016/j.landusepol.2017.12.001
https://doi.org/10.1080/09654313.2017.1364353
https://doi.org/10.1080/09654313.2017.1364353
https://doi.org/10.1007/s11269-010-9717-6
https://doi.org/10.1007/s11269-010-9717-6
https://doi.org/10.1016/j.ecolmodel.2006.05.035
https://doi.org/10.1016/j.ecolmodel.2006.05.035
https://doi.org/10.1146/annurev-resource-110119-025703
https://doi.org/10.1146/annurev-resource-110119-025703
https://doi.org/10.1007/s10640-011-9512-8
https://doi.org/10.1007/s10640-011-9512-8
https://doi.org/10.1017/S0376892911000543
https://doi.org/10.1016/S1389-9341(01)00050-8
https://doi.org/10.1016/S1389-9341(01)00050-8
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0095
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0100
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0100
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0100
https://doi.org/10.1016/j.scitotenv.2015.12.130
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0110
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0110
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0110
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0115
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0115
https://doi.org/10.1016/j.ecoser.2017.09.005
https://doi.org/10.1371/journal.pone.0118978
https://doi.org/10.1371/journal.pone.0118978
https://dors.dk/files/media/rapporter/2015/m15/beregningsgrundl
https://dors.dk/files/media/rapporter/2015/m15/beregningsgrundl
https://doi.org/10.2779/53333
https://doi.org/10.1561/101.00000076
https://doi.org/10.1561/101.00000076
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0180
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0180
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0180
https://doi.org/10.1016/j.ecolecon.2007.07.029
https://doi.org/10.1016/j.ecolecon.2007.07.029
https://doi.org/10.1371/journal.pone.0183210
https://doi.org/10.1371/journal.pone.0183210
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0215
http://refhub.elsevier.com/S2212-0416(21)00131-5/h0215


Ecosystem Services 53 (2022) 101373

13

Forestry Commission, 2017. The UK Forestry Standard. Forestry Commission, Edinburgh, 
UK. 

Fripp, E., 2014. Payments for Ecosystem Services (PES): A practical guide to assessing the 
feasibility of PES projects. CIFOR, Bogor, Indonesia.  
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Mokondoko, P., Manson, R.H., Pérez-Maqueo, O., 2016. Assessing the service of water 
quality regulation by quantifying the effects of land use on water quality and public 
health in central Veracruz. Mexico. Ecosyst. Serv. 22, 161–173. https://doi.org/ 
10.1016/j.ecoser.2016.09.001. 

Morrow, K., Silgram, M., Nisbet, T., 2010. Can woodland measures in agri-environment 
policies assist in meeting Water Framework Directive objectives? Asp. Appl. Biol. 
189–199. 

Muradian, R., Corbera, E., Pascual, U., Kosoy, N., May, P.H., 2010. Reconciling theory 
and practice: An alternative conceptual framework for understanding payments for 
environmental services. Ecol. Econ. 69, 1202–1208. https://doi.org/10.1016/j. 
ecolecon.2009.11.006. 

Naeem, S., Ingram, J.C., Varga, A., Agardy, T., Barten, P., Bennett, G., Bloomgarden, E., 
Bremer, L.L., Burkill, P., Cattau, M., Ching, C., Colby, M., Cook, D.C., Costanza, R., 
DeClerck, F., Freund, C., Gartner, T., Goldman-Benner, R., Gunderson, J., Jarrett, D., 
Kinzig, A.P., Kiss, A., Koontz, A., Kumar, P., Lasky, J.R., Masozera, M., Meyers, D., 
Milano, F., Naughton-Treves, L., Nichols, E., Olander, L., Olmsted, P., Perge, E., 
Perrings, C., Polasky, S., Potent, J., Prager, C., Quétier, F., Redford, K., Saterson, K., 
Thoumi, G., Vargas, M.T., Vickerman, S., Weisser, W., Wilkie, D., Wunder, S., 2015. 
Get the science right when paying for naturés services. Science (80-.). 347, 1206 LP – 
1207. 10.1126/science.aaa1403. 

Naidoo, R., Balmford, A., Ferraro, P.J., Polasky, S., Ricketts, T.H., Rouget, M., 2006. 
Integrating economic costs into conservation planning. Trends Ecol. Evol. 21, 
681–687. /10.1016/j.tree.2006.10.003. 

Nisbet, T., Andreucci, M.B., De Vreese, R., Högbom, L., Kay, S., Kelly-Quinn, M., 
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