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ABSTRACT. There is an increasing emphasis on the restoration of ecosystem services as well as of biodiversity, especially where
restoration projects are planned at a landscape scale. This increase in the diversity of restoration aims has a number of conceptual and
practical implications for the way that restoration projects are monitored and evaluated. Landscape-scale projects require monitoring
of not only ecosystem services and biodiversity but also of ecosystem processes since these can underpin both. Using the experiences
gained at a landscape-scale wetland restoration project in the UK, we discuss a number of issues that need to be considered, including
the choice of metrics for monitoring ecosystem services and the difficulties of assessing the interactions between ecosystem processes,
biodiversity, and ecosystem services. Particular challenges that we identify, using two pilot data sets, include the decoupling of monetary
metrics used for monitoring ecosystem services from biophysical change on the ground and the wide range of factors external to a
project that influence the monitoring results. We highlight the fact that the wide range of metrics necessary to evaluate the ecosystem
service, ecosystem process, and biodiversity outcomes of landscape-scale projects presents a number of practical challenges, including
the need for high levels of varied expertise, high costs, incommensurate monitoring outputs, and the need for careful management of
monitoring results, especially where they may be used in making decisions about the relative importance of project aims.
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INTRODUCTION
The restoration of ecosystem services is now recognized as an
important conservation goal, alongside the restoration of
biodiversity and ecosystems (Paetzold et al. 2010, Bullock et al.
2011). This reflects a utilitarian turn in conservation, an emphasis
on use values as well as intrinsic values in nature (McCauley 2006,
Kallis et al. 2013, Mace 2014) and an increasing recognition of
the importance of links between the state of nature and human
well-being (IPBES 2014, Kenter et al. 2015). The diminishing
ability of ecosystems to deliver services (to people) as they become
degraded was initially highlighted by the Millennium Ecosystem
Assessment in 2003, and aspirations to reverse this trend are now
clearly embedded in, for example, the EU’s Green Infrastructure
Strategy (European Commission 2013) and Aichi Targets 14 and
15 of the Strategic Plan for Biodiversity 2011–2020 agreed by
Parties to the Convention on Biological Diversity in October 2010
(CBD 2010). Target 14 is concerned with restoration and
safeguarding of essential services; Target 15 relates to the
contribution that restoration of 15% of degraded ecosystems can
make to enhancing carbon stocks (CBD date unknown). Through
this same period, a greater emphasis on the importance of
maintaining social-ecological systems that are resilient and able
to deliver ecosystem services in the face of sudden or unexpected
change also became mainstream (e.g., Berkes et al. 2003,
Rockström et al. 2014) and strengthened the case for integrating
ecosystem service restoration into the practice of ecological
restoration.
Restoration science and practice have tended to be led by either
the aims of biodiversity conservation or of environmental
improvement, such as reduced pollution. Frequently, aims of
environmental improvement have had an implicit ecosystem
services dimension, but it is only recently that this has become
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more explicit. Where biodiversity aims have been dominant,
restoration has often been spatially prescriptive and has tried to
restore previously present species, habitats, or landscapes (e.g.,
Jordan and Packard 1989, Webb 2002). However, there has also
been attention to ecosystem processes, especially in dynamic
ecosystems, such as many rivers and wetlands. Here, revitalization
of ecosystem processes such as water, sediment, and nutrient
delivery is advocated, often at the scale of a river reach, or less
commonly at a catchment scale with less-prescribed restoration
outcomes over space or through time (e.g., Stanford et al. 1996,
Palmer et al. 2005, Hughes et al. 2012a). In these cases, there is
an emphasis on the continuing dynamic nature of the ecosystem
as an embedded restoration goal. Wetland restoration projects
with an additional focus on the restoration of ecosystem services
need to identify the ecosystem components and processes that
support or provide those services and explicitly consider them in
the restoration activities.
An appreciation of the critical capacity of wetlands to deliver
ecosystem services, and concern over wetland losses prompted
some of the earliest work on valuing wetlands (e.g., Gosselink et
al. 1974, Odum 1979, Constanza 1984, Folke 1991, Thomas et al.
1991). These and other studies also highlighted the importance
of dynamic ecosystem processes in sustaining the capacity of
wetlands to deliver multiple ecosystem services over the long term,
and thus exposed the mismatch between a functional
understanding of wetlands and their services (Sather and Smith
1984, Williams 1990) and the static economic accounting methods
used in their monetary valuation (Mitsch and Gosselink 1993,
Turner et al. 2008).
In river and wetland restoration, the hydrological catchment has
long been used as a natural functional context for large-scale
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restoration of both biodiversity and ecosystem services (Hill et al.
1991, King and Louw 1998, Hughes et al. 2001, Rood et al. 2003).
For example, improved water provision is most effectively delivered
through restoration of hydrological processes at a catchment scale.
This increase in spatial scale for effective ecosystem service
restoration is commensurate with the recent emphasis in the UK on
landscape-scale conservation for biodiversity (Lawton et al. 2010,
JNCC and DEFRA 2012, Adams et al. 2014), which acknowledges
the importance of understanding the scales at which ecological
processes operate (Poiani et al. 2000), including their abiotic
components (Lawler et al. 2015).

landscape-scale wetland restoration project in East Anglia, UK:
the Wicken Fen Vision project (National Trust 2009). It is not our
intention to conduct a critique of the monitoring program as it
now exists at the Wicken Fen Vision project, but to consider some
of the practical monitoring issues that face managers of projects
with such plural aims. We offer our thoughts as a stepping stone
toward identifying robust and practical approaches to monitoring
such projects. We discuss (1) measuring and monitoring
ecosystem services; (2) assessing interactions between ecosystem
processes, biodiversity, and ecosystem services; and (3) practical
aspects of monitoring a landscape-scale project.

The requirement for restoration to take place at a landscape scale
and to deliver both ecosystem services and biodiversity has
implications for the monitoring and evaluation of such projects.
Restoration for biodiversity is conventionally assessed against
species or habitat targets (e.g., number or abundance of species, or
habitat area and/or condition), often defined in terms of reference
systems. However, there are many different ways of choosing
biodiversity monitoring metrics depending on aims and resources
(Pressey and Bottrill 2009), spatial scale (Redford et al. 2003), and
to some degree, disciplinary biases (Nilsson et al. 2014). There is a
rapidly growing literature on the relationships between biodiversity
and ecosystem services, but this emphasizes the complexity of these
relationships (Mace et al. 2012) and methodological difficulties in
assessing them (Cardinale et al. 2012). Certainly, there is no simple
equivalence between biodiversity and ecosystem service delivery
(Adams 2014). Biodiversity targets of restoration projects may be
only partially related to ecosystem service targets, except where
elements of biodiversity (e.g., rare or charismatic species) underpin
cultural ecosystem services such as recreation, or trends in
biodiversity mirror those of services as a result of a common
underlying process (e.g., increased waterfowl numbers and increased
flood-holding capacity in a wetland, both underpinned by
increasing waterbody extent). Whole species assemblages play
important roles in ecosystem service provision, for example,
pollinators, but may not be among those selected as targets or
indicators of successful restoration. As a result, metrics for
monitoring biodiversity will rarely coincide with those for
monitoring ecosystem services. There is also now a considerable
literature on one-off assessments of ecosystem services but little on
how to monitor ecosystem services through time except by using
predictive (often GIS based) modeling or scenario-building
approaches that are not linked to monitoring on the ground (e.g.,
InVEST date unknown).

THE WICKEN FEN VISION

Monitoring landscape-scale restoration projects can require not
only monitoring of ecosystem services and biodiversity but also
monitoring of the key ecosystem processes that underpin them (e.
g., monitoring of water tables to assess the flood-holding capacity
of a wetland in order to assess the potential service of avoided flood
damage). Ecosystem process data can help elucidate relationships
between ecosystem processes, ecosystem services, and biodiversity,
and this understanding may inform management decisions in the
future. This complex monitoring situation can lead to practical
problems with the choice of suitable monitoring metrics at
landscape-scale restoration projects.
We explore the challenges presented by the need to monitor
biodiversity, ecosystem processes, and ecosystem services. We
identify difficulties, trade-offs, and synergies around these three
areas of monitoring, using our experience of monitoring a

Aims of the Wicken Fen Vision project
This project was launched in 1999 by the National Trust, a nature
conservation nongovernmental organization in the UK. In 1899,
the Trust acquired the first parts of a small wetland relic of the
once-vast fenlands of East Anglia (Moore 1997). During the 20th
century, this acquisition grew into the Wicken Fen National
Nature Reserve (called “the reserve” hereafter), an area of 170 ha
of alkaline fen and a highly species-rich (> 8000 species) Ramsardesignated wetland of international importance (Friday and
Rowell 1997). The reserve is intensively and conventionally
managed to conserve the existing high value biodiversity with
rotational cutting and removal of vegetation and efforts to
maintain water tables well above reclaimed and drained
surrounding farmland (Mountford et al. 2005).
The Wicken Fen Vision is a landscape-scale habitat creation
project whose aim is to turn (over a 100-year period) 5300 ha of
drained and intensively farmed arable land, between the reserve
and the city of Cambridge to the southwest, into land dedicated
to nature conservation. The project’s initial impetus was to help
conserve the large number of species (primarily plants and
invertebrates, including some rare species with dwindling
populations) using the reserve. The Vision acquired its own
dynamic because large-scale conservation approaches were
becoming important in the UK and because having access to
whole hydrological catchments offered a more sustainable
approach to creating wetland habitats. In addition, preventing
and adapting to climate change had become a political issue, and
it was hoped that the change of land use would help reduce the
high carbon emissions from intensive arable agriculture on the
peat soils of the fens (Colston 2003). Although the Vision area
lies adjacent to the reserve, the National Trust recognized that it
would not be technically or economically feasible to replicate
surviving habitats because of the novel starting point for
ecosystem development resulting from more than half a century
of intensive drainage and arable agriculture. Because of this, there
are no analogues to inform expectations of ecological outcomes
at the site (Hughes et al. 2005). The project therefore adopted an
open-ended approach to restoration without specified species or
habitat targets, but with a main goal of allowing or establishing
ecological processes (natural regeneration, naturalistic grazing,
and fluctuating, shallow water tables) over a large scale.
Subsidiary goals were to create a dynamic wetland landscape
characterized by mobile vegetation mosaics, and to increase
ecosystem service provision (Hughes et al. 2011).
The Vision landscape was expected to provide a larger area of
habitat for some species already found in the reserve, but also for
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additional species. In its Strategy, the National Trust states that
it “plans to…greatly expand the space for wildlife and people…to
create a dynamic mosaic of…self-regenerating habitats which can
be managed less intensively, securing the essential resource of
water and protecting peat soils…there is not a prescriptive
landscape plan covering the Vision area” (National Trust 2009:3
& 9). The expectation was that while some habitats would have
some species in common with the reserve, in many places, species
assemblages would be novel because they would include mixtures
of native fen-specific species, native generalists (both wetland and
terrestrial species), arable-specific species, and non-native species.
There was also an aim to monitor hydrological and ecological
processes across restored areas (National Trust 2009).
Outcomes of the Wicken Fen Vision project
The project area currently covers 770 ha, including the original
reserve. On the ground, large areas of former arable land have
developed into a habitat mosaic of shallow waterbodies, reed beds,
wet grassland, dry grassland, and scrub. The proportions and
species composition of these habitats emerging across the new
landscape are determined by the nature of the soils and seed banks
(Stroh et al. 2012a), the availability of water and soil structure
(Stroh et al. 2013), the intensity and nature of different natural
processes, including grazing (Stroh 2012), and the need for some
forms of occasional management in order to comply with
legislation. The natural processes prevailing across the site are
both biotic (vegetation regeneration from the seed bank and
succession) and abiotic (fluctuating water levels). Semiferal
grazing animals (Konik ponies and Highland cattle) have also
been introduced into the landscape to act as agents of ecosystem
change. The new ecosystem’s future trajectory is likely to be
influenced by many factors, including the arrival and departure
of plants and animals, both antecedent and prevailing
environmental conditions, water availability, legislation regarding
the control of designated injurious weeds (such as Cirsium vulgare)
and animal welfare requirements, and to some degree, local
residents. While most local residents and many people from the
wider Cambridge area (e.g., walkers, nature-lovers, cyclists,
canoeists, horse-riders, educational groups) are very supportive
of the project because they enjoy having access to a large nature
reserve, there are a few detractors. These are primarily some local
farmers who feel that to re-wet drained farmland is countercultural in that area, and a small number of horse-riders who have
concerns over the semiferal ponies. All these stakeholders are
represented in a user-forum organized by the National Trust that
meets several times a year. Other involved stakeholders include
the UK Environment Agency, Natural England, researchers, and
local parish councillors who are represented on a National Trust
advisory committee at Wicken Fen.
In 2011, a one-off assessment of the ecosystem services provided
by the Wicken Fen Vision Project was made using the Toolkit for
Ecosystem Service Site-based Assessment (TESSA) (Peh et al.
2014). TESSA is a rapid assessment tool that is relatively
inexpensive to use and has been applied at a number of protected
areas and other sites of biodiversity importance globally (e.g.,
Birch et al. 2014, Peh et al. 2015, Blaen et al. 2015). This toolkit
provides a framework for assessing the value of relevant services
at a site currently and under one or more plausible alternative
states (Peh et al. 2013). Both current and alternative state services
are chosen through discussion with a wide range of stakeholders.

At the Wicken Fen Vision Project, the land converted to wetland
was compared against an alternative state of intensively farmed
arable land (which is the land use that would still prevail if wetland
restoration had not taken place), and the net value of the land
use conversion was calculated (Peh et al. 2014). The services that
were identified as having been gained or increased in value as a
result of the land use conversion at the Wicken Fen Vision project
and that were considered to be measurable included nature-based
recreation, grazing, flood protection, and reduced greenhouse gas
(GHG) emissions (Peh et al. 2014). Other services identified but
not considered to be currently measurable included pollination
services, improved water quality, improved soil quality, and
several cultural services. The main service lost was arable
production.
Overall results, based on the measurable services, suggested that
in 2011, restoration was associated with a net gain to society as a
whole of US$199 ha-1y-1, for a one-off investment in restoration
of US$2320 ha-1. This included an estimated loss of arable
production of US$2040 ha-1y-1 but estimated gains of US$671
ha-1y-1 in nature-based recreation, US$120 ha-1y-1 from grazing
(commercial animals were used for a few years on part of the site),
US$48 ha-1y-1 from flood protection, and a reduction in GHG
emissions worth an estimated US$72 ha-1y-1. Management costs
of the wetland compared with arable land were also estimated to
have declined by US$1325 ha-1y-1 (Peh et al. 2014).
Monitoring the Wicken Fen Vision project
Much conservation monitoring in protected sites in England is
carried out under and toward tightly prescribed management
plans and defined species and habitat targets; e.g., Common
Standards Monitoring (CSM) (JNCC 2014). Landscape-scale
restoration projects, on the other hand, can adopt a more processdriven approach to restoration, accepting that landscapes and the
species within them are in a state of constant flux and that
outcomes may be somewhat “open-ended” (Hughes et al. 2012b).
This recognition necessitates a different approach to monitoring
that is not directed toward measuring progress against set habitat
or species targets but is more of a surveillance exercise to track
change. A considerable ad hoc species-recording effort has taken
place at the original reserve over many decades, with more recent
use of the CSM system against agreed habitat targets. However,
monitoring during the early stages of the Wicken Fen Vision
project was very restricted. In 2007, a new monitoring program
was designed for the new restoration area. Monitoring activities
were designed against five primary emerging landscape
characteristics and the ecosystem processes driving those changes
(Table 1): (1) larger areas of land available for plants and animals
to colonize and use; (2) higher levels of habitat connectivity
through the landscape; (3) greater heterogeneity of habitats that
change over space and through time; (4) new, active ecosystem
processes contributing to habitat heterogeneity; and (5) different
types and levels of ecosystem service delivery. Many monitoring
activities use traditional biodiversity and habitat monitoring
approaches (in which professionals and volunteers already have
skills), as well as newer technologies, to understand the
progression of the project against its aims. Many are on 5-year or
longer monitoring cycles, reflecting the slow speed of expected
change and the long-term nature of the project (Fig. 1). Others
are on annual or more frequent cycles, reflecting the need to
understand some types of data at this frequency but also the need
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Table 1. Landscape-scale restoration project monitoring protocols at the Wicken Fen Vision Project (developed from Hughes et al. 2011).
Characteristic of
landscape-scale
restoration project

Expected changes relative to
starting point

Activities to monitor these changes and Notes on monitoring components
monitoring frequencies

Larger areas of land
available for use by
plants and animals
(This includes larger
areas of the broad
habitat types,
including open water,
reed beds, wet and
dry grassland, scrub,
and woodland.)

Arrival of visiting or breeding
†
“landscape species” not
previously present; e.g., raptors,
common cranes, roe deer, red deer,
or migratory birds

Annual or 5-yearly counts of
“landscape species”; e.g., wetland bird
counts are carried out monthly
following a British Trust for
‡
Ornithology protocol (WeBS)

Higher numbers of some species
which now appear in large
numbers, having previously been
recorded as occasional sightings or
in small numbers

Ad hoc, annual, or 5-yearly counts of
species that have appeared at Wicken
Fen in great numbers; e.g., owls, birds
of prey, waterfowl, deer, butterflies
WeBS counts

Higher levels of
habitat connectivity
through the
landscape to
facilitate species
movement
(This includes more
opportunities for
rare or specialist
species to find a
functional niche
beyond current
protected areas.)

Greater
heterogeneity of
habitats reflecting a
wider range of
biophysical
conditions and
ecological processes
within a larger area;
these habitat mosaics
will change over
space and through
time.

Arrival of species that have
negotiated a new connection or
gap in the landscape; e.g., butterfly
species not previously present, as
well as landscape species

Extensive invertebrate survey method
designed specifically for Wicken Fen
Vision (Kirby 2010, 2011, 2012, 2013);
the approach involves repeat transects
through wetland habitats, a wide range
of wetland invertebrate groups
identified to species level, and
assignment of conservation significance
scores; annual or 5-yearly surveys

The aim is to track the arrival and departure of
species that can only either visit or become resident
if the area is large enough for them. Their presence
marks a scale change in available habitats. It is
recognized that bird numbers are highly dependent
on conditions elsewhere, not just on conditions in
the project area; e.g., the visits by common cranes
(Grus grus) are new since the start of the project
and reflect more available habitat at the Wicken
Fen Vision, but also at other nearby large-scale
wetland creation projects.
The aim is to catalogue wildlife spectacles not
previously present rather than species not
previously present. These data are mostly in the
form of ad hoc counts or reports made by staff and
interested visitors, but for some bird species are
also picked up by monthly wetland bird counts.
GIS mapping of new connections was not
considered useful since it shows only the potential
for a species to occupy or use a connection, not
whether it has actually used the connection.
Furthermore, it is not known for most invertebrate
species what types of connections they need
(Őckinger and Smith 2008), and it is likely that
species responses to landscape change reflect
complex interdependencies (Didham et al. 2012)
which cannot be mapped.

Landscape species counts

Arrival of “hotspot species”—rare
or specialist species that have
previously been confined to
Wicken Fen National Nature
Reserve (NNR), especially
invertebrates and plants

Annual or less frequent surveys that
might locate animal or plant hotspot
species previously confined to Wicken
Fen NNR; examples include annual
quadrat surveys for plants, annual Wwalk surveys for plants, and
invertebrate surveys

Results show slow movement of plant species from
the NNR onto restoration land (Stroh et al. 2012a)
but do include some regionally rare aquatic plant
species (e.g., Zannichellia palustris) not previously
recorded at Wicken Fen; Kirby (2012) shows
arrival of a few invertebrate species; e.g.,
Cerapheles terminatus and Agabus undulatus.

Development of novel and
changing wetland and drier
vegetation assemblages associated
with novel edaphic conditions (e.g.,
novel soil structure and chemistry
from past land use); some may
resemble vegetation communities
in the UK National Vegetation
Classification, but most will not

Vegetation surveys using fixed quadrats
to capture regeneration and succession.
Comparison of vegetation in 2007 and
2012 using False Colour Infra-Red
aerial photo-mosaics to describe change
in vegetation mosaics, e.g.,
heterogeneity and vegetation wetness
indices, turnover metrics

Analysis of vegetation using TABLEFIT in 2007
showed low fit with UK National Vegetation
Classification vegetation categories, as expected.
This may be repeated in 2017, the next monitoring
year in the 5-yearly monitoring cycle. However,
results from 2007 and 2012 suggest that it may not
be useful to use this approach more frequently than
every 10 years.

Vegetation surveys to capture
regeneration and succession

Stroh et al. (2013) quantify the relationships
between soil structure, hydrology, and vegetation
using Sum Exceedance Values, and show how this
approach can be used to monitor these
relationships at Wicken Fen Vision.

More active (both
Natural vegetation regeneration
expected and
unexpected)
ecosystem processes
contributing to
habitat heterogeneity
More seasonally varied water
tables and seasonal flooding

§

Continuous or monthly measurement
of hydrological variables, including
water table depth (using data loggers in
dipwells), rainfall, soil moisture

(con'd)
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Self-reliant, reproducing grazing
herd

Annual counts and observation of
grazing/browsing animal numbers

Additional data were collected on the potential of
grazing animals to act as dispersers of plant
propagules (Stroh et al. 2b). It would be desirable
to monitor browsing impact of ungulates, but this
has not yet been undertaken.

Arrival and departure of other
grazing or browsing animals, such
as deer
Different types and
levels of ecosystem
service delivery

Decrease in carbon and increase in Automated continuous measurement of Research has been underway since late 2009 by
methane emissions
carbon and methane fluxes
University of Leicester, Open University, and UK
Natural Environment Research Council – Centre
for Ecology and Hydrology.
Improved water quality
Annual monitoring of “environmental It would be desirable to also measure water quality
indicator species”; e.g., aquatic
on a regular basis; however, aquatic macrophytes
macrophytes, monitored using protocol are a good indication of overall quality conditions
for aquatic macrophytes (Buglife
(e.g., Palmer 2001).
Version 2 2007), as well as simpler
approaches listing species presence
Increased flood protection through Monitoring of water tables in
A one-off assessment of avoided flood damage was
water storage (avoided flood
designated flood storage area using
made in 2011 (Peh et al. 2014).
damage)
automated dipwells
Increased opportunities for
Monitoring of recreational and
The methods used for a one-off calculation of
recreational, educational, and
educational use; visitor numbers are
recreational service in 2011 are given in Peh et al.
aesthetic activities
monitored by the National Trust, as is
(2014).
use of the reserve by educational groups
Increased provision of grazing
Monitoring of grazing animals; this is
A one-off assessment of grazing value was made in
land
carried out by the National Trust
2011 (Peh et al. 2014).

†

The term “landscape species” has been borrowed from the Wildlife Conservation Society, which defines them as species that use large diverse areas and/
or that can have significant impact on the structure and function of ecosystems (WCS 2001).
‡
http://www.bto.org/volunteer-surveys/webs/data
§
http://www.ceh.ac.uk/services/tablefit-and-tablcorn

to retain experienced volunteers who will tend to fall away unless
monitoring activities are undertaken regularly.
MEASURING AND MONITORING ECOSYSTEM
SERVICES
Monitoring ecosystem services at a restoration project requires
decisions on which services to monitor and which metrics to use
for measuring them. Choice of services can be based on emerging
habitats, changes in soil cover, and interactions between the
natural world and people since the same habitat in two different
places may offer different services depending on both the use
made of the habitat and the perception of that use (Zorilla-Miras
et al. 2014). Choice of services can thus be a complex dimension
of monitoring. At the Wicken Fen Vision project, once services
offered by the project had been identified and some of them had
been measured in a one-off assessment (Peh et al. 2014), we
identified two particularly pertinent remaining challenges: (1)
accounting for services that are difficult to measure either in
biophysical or monetary units, and (2) extending beyond a oneoff assessment to monitor ecosystem services through time.
Accounting for services that are difficult to measure
Water quality leaving the project area is undoubtedly better than
when the site was under arable land use, since there are no longer
applications of fertilizers, herbicides, or pesticides. However,
there is also less water leaving the site, which has impacts on
pollution dilution effects within the catchment. Lack of pointsource outlets for measuring these effects was the reason that
this service was difficult to measure and therefore not included
in the assessment by Peh et al. (2014). Aquatic macrophytes can

give an indication of water quality through changing species
composition, diversity, and abundance, and have been monitored
in the project area but cannot easily be translated into ecosystem
service values. For example, the arrival of regionally rare species
such Zannichellia palustris and of abundant Potamogeton coloratus
on the Wicken Fen Vision site are indicators of improving water
quality, although there are other confounding factors that may
account for their presence, including connectivity of waterbodies
and the species’ relative dispersal ability.
Enhanced wildlife populations in the project area are monitored
through a range of biodiversity monitoring activities listed in Table
1. The value of the more charismatic birds, mammals, and plants
as a “good” to people is in part accounted for through measurement
of recreational services. Less-charismatic species (e.g., saprophytic
invertebrates) that may provide services indirectly through their
influence on ecosystem processes, such as soil formation, are not.
Nonrecreational cultural services, such as existence values, are also
not valued, but there is a large literature debating whether or not
such valuations should be carried out (e.g., Adams 2014, Silvertown
2015). These are unavoidable problems with any attempt at
comprehensive valuation of ecosystem services and may be
addressed by adopting more pluralistic valuation frameworks
(Gόmez-Baggethun et al. 2014, Martin-Lόpez et al. 2014).
Monitoring ecosystem services through time
Any variable will change over time as the result of long-term trends,
of periodic, sometimes regular fluctuations, and of random
variation in influential factors. Projection of past trends into the
future relies either on an assumption that factors operating in the
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Fig. 1. Conceptual diagram of monitoring activities at the Wicken Fen Vision project (GHG: greenhouse gas).

past will continue into the future or on plausible scenario
building. Future projections of ecosystem service delivery
require understanding of the relationships between the state of
natural capital and the likely sustainability of ecosystem service
provision over the long term. For this, monitoring data are
required for both the natural capital and the ecosystem services.
When monitoring ecosystem services, existing data on a service
can inform the likely magnitude of spatial and temporal
variation, and hence the sampling design and intensity that is
required. In particular, such data can be used to find an
appropriate balance between cost and sensitivity of the
measurement method against likelihood of detecting statistically
significant change that is also of practical interest to project
managers. However, the relative size of inter- and intra-annual
change compared with likely longer term change may be difficult
to gauge in the early stages of monitoring, meaning that
sampling design may need to be modified over time.
Different ecosystem services change over very different time
frames, adding to the monitoring challenge (Fig. 1). For example,
recreational services can change substantially between years, but
carbon sequestration in re-wetted peat soils is very slow,
measurable over decadal time frames. Loss of drained peat soils
(and stored carbon) occurs rapidly, currently at rates of 7–21
mm yr-1 depth in the fens of East Anglia (Holman 2009), and
reduction in rate of soil loss is also measurable over shorter time
frames, contributing to our understanding of reduced GHG
emissions. Ecosystem service monetary values can change
through time as a result of real biophysical change on the ground,

shifts in market prices (often a reflection of wider socio-economic
factors such as demand and scarcity), and changes in inflation
rates. The first of these is of greatest interest to a landscape-scale
restoration project, but monetary values are often easier to obtain
than biophysical measurements and can provide a common
currency for comparison across services or capital.
The 2011 ecosystem services assessment of the Wicken Fen Vision
project (Peh et al. 2014) demonstrated a measure of the societal
value of the project in that year but did not give information about
the ecosystem’s ability to continue to provide those services into
the future. We used the data from the 2011 study to support a
desk-based monitoring assessment over a 4-year period, 2011 to
2014 (Table 2), in a preliminary exploration of issues that might
arise.
In 2011, the number of paying visitors to the reserve was used
along with visitor survey data to derive the value of the cultural
ecosystem service represented by recreational visits (Peh et al.
2014). The proportions of visitors who visited the reserve or the
restoration area or both in 2011 (Peh et al. 2014) were used in
conjunction with visitor numbers for 2012–2014 to update the
values to 2014. Recreational value increased over the 4 years. The
value of avoided flood damage did not vary because there is a
fixed flood storage area that can hold water if the nearby River
Cam floods, and this volume would prevent flooding in a fixed
area occupied by arable land and other properties whose value
was calculated in 2011 (Peh et al. (2014). A more complex version
of this calculation could account for the changing risk of flooding
each year with time since the previous flood and with antecedent
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Table 2. Ecosystem service values of the Wicken Fen Vision project for 2011–2014.
Ecosystem service metric

2011

2012

2013

2014

Calculation method

Number of paying visitors

44,813

46,402

50,117

55,836

Nature-based recreational value
‡
(US$)

350,051

362,463

391,483

436,156

Avoided flood damage (US$)
Avoided greenhouse gas emissions
-1 ‡
(tonnes CO2 eq.y )

25,119
1,514

25,119
1,541

25,119
1,661

25,119
1,647

Avoided greenhouse gas emissions
‡§
(U.S. Govt.) (US$)

168,862

177,603

199,666

206,148

Avoided greenhouse gas emissions
(Verified Emission Reductions)
‡§
(US$)

10,219

9,590

8,331

6,259

62,394

15,402

3,170

3,079

Visitors to the original reserve have to pay; visitor
year runs March–February
Calculation based on paying visitor numbers to the
reserve; assumes 2011 proportions of visitors to the
reserve and to Wicken Fen Vision land (Peh et al.
2014)
Does not take into account changing flood risk
Varies with amount of N2O and CH4 emitted by
changing numbers of horses and cattle each year
(includes feral and commercial animals)
U.S. Government Interagency Working Group on
th
Social Cost of Carbon (SCC), July 2015; 95
percentile of SCC estimates at 3% discount rate in
2007 US$ values: $90 (2011), $93 (2012), $97 (2013),
-1
$101 (2014) tonne CO2; incorporates updated cattle
and horse numbers
Verified Emission Reductions for arable and wetland
(Peters-Stanley and Gonzalez 2014, Hamrick 2015):
$6.20 (2011), $5.9 (2012), $4.9 (2013), $3.8 (2014)
-1
tonne CO2; incorporates updated cattle and horse
numbers
Values reflect fewer commercial grazing animals and
changing licence fees in 2012, 2013, and 2014

†

‡

‡

Commercial grazing (US$)
†

Values for visitor numbers from the National Trust
Original 2011 net service values are for the 479 ha of the Wicken Fen Vision project assessed by Peh et al. (2014). All values have been updated for
each year using the methods described in the final column. All monetary values have been adjusted for inflation to 2014, using bank of England
inflation rates.
§
-1
In Peh et al. (2014), the SCC value used was $22.78 tonne CO2 based on Greenspan Bell and Callan (2011). Recent remodeling of the SCC values (U.
S. Government 2015) puts these costs at higher levels, as used in this table. The Verified Emission Reductions reflect trading prices for carbon.
Emissions from arable land calculated for 2011 (Peh et al. 2014) have been assumed unchanged in 2012–2014 calculations.
‡

soil conditions and associated soil storage capacity at the time of
flooding, but this would be challenging to implement owing to
data requirements. After 2012, commercial grazing was reduced
on the area used in the 2011 evaluation, so the monetary value of
grazing declined in 2013 and 2014. However, the ecological impact
of grazing did not decline as animals with a commercial value
were replaced with semiferal grazing animals that currently have
no commercial value.
The 2011 estimate of climate regulation through avoided GHG
emissions took into account both carbon dioxide and methane
emissions. Monitoring the value of this service over time presents
four practical problems: (1) the year-to-year changes on the
ground are difficult and expensive to measure in biophysical units,
(2) the service value when arable land is converted to wetland can
be calculated only in terms of the net change to GHG emissions
(since both land uses emit GHG), which requires monitoring of
emissions in both land use types, (3) market economics drive
carbon prices, so monetary values are divorced from biophysical
change on the ground, and (4) land use sustainability is not
reflected in monitoring values.
In 2011, the estimates of avoided losses of GHGs were calculated
in tonnes of CO2eq.y-1 using site data on area and type of each
habitat, numbers of grazing horses and cattle, and published
emissions factors (Peh et al. 2014). This approach is a reasonable
best estimate for a one-off assessment, but its limitation is revealed
when cross-year comparisons are made. In biophysical terms,
GHG emissions vary within and between years based on many

factors, including vegetation development, water table
fluctuations, and air temperatures, but only within-year as
opposed to cross-year variations tend to be accounted for in
published emission factors. The only elements of the GHG
calculations in Table 2 that reflect real changes on the ground
relate to changing numbers of cows and horses between years
because although local emissions factors are available for the main
habitats, they do not report on annual variation (more than one
year’s data are used to derive a single mean annual flux).
Vegetation, water table fluctuations, and air temperatures are all
monitored at the Wicken Fen Vision project, but it is not easy to
use these data to inform the GHG calculations unless monitoring
of GHG fluxes also takes place so that statistical relationships
between the two can be developed. GHG flux monitoring began
at the Wicken Fen Vision project in late 2009 (carbon dioxide)
(Morrison et al. 2012) and in 2013 (methane). First results for
carbon emissions at the restoration site show that in 2010 it was
a near-neutral annual source of carbon (+26.4 ± 13.7 g C m-2 yr-1)
but a sink during the growing season and a source outside it
(Morrison et al. 2012). When more years of data are available, it
will be possible to make across-year comparisons that reflect real
change on the ground. However, for most restoration projects,
this facility is too technical and expensive to install and maintain.
It may be possible over much longer time periods to refine the use
of published emissions factors for monitoring GHG emissions
by combining them with vegetation monitoring based on
stratified sampling designs in order to capture the changes from,
for example, grassland to scrub or changes in management or
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Table 3. Selected annual monitoring data from the Wicken Fen Vision project. Bivariate correlation analyses between pairs of variables,
using Pearson correlation tests, show only one weakly significant correlation between visitor numbers and waterfowl numbers (r6 =
0.709, R2 = 0.503, p = 0.049). Numbers of all species of wetland birds are counted monthly by volunteers on part of the Wicken Fen
Vision Project, using the British Trust for Ornithology Wetland Bird Surveys (WeBS) protocol.† The WeBS year runs from July to June.
Depth of water table below ground level values are collected from data loggers at the main site where the WeBS counts are made. Visitor
numbers are those that pay to visit the National Nature Reserve (NNR) area of Wicken Fen. The whole of the Wicken Fen Vision area
is free to visit. Visitor surveys by Peh et al. (2014) showed that 28% of all visitors visited only the NNR, 42% visited only the restoration
project area, and 30% visited both the NNR and the project area (the visitor year runs from March to February).

Ecosystem service
‡
Number of paying visitors
Ecosystem process
Mean water table depth—summer low water
§
levels (May–Oct)
Mean water table depth—winter high water
§
levels (Nov–April)
|
Biodiversity
Number of waterfowl
Number of wading birds

2007

2008

2009

2010

2011

2012

2013

2014

39,497

40,631

39,572

41,081

44,813

46,402

50,117

55,836

0.50

0.59

1.01

0.65

1.11

0.32

0.94

0.40

0.26

0.23

0.26

0.30

0.43

0.10

0.14

1204
1067

2176
1036

1190
244

2134
395

1397
398

2134
344

4843
841

2459
407

†

http://www.bto.org/volunteer-surveys/webs/data
Visitor data provided by the National Trust and used as a surrogate for recreational service
Bakers Fen restoration area (metres below ground level)
|
All wetland bird data from the British Trust for Ornithology WeBS online data for Wicken Fen
‡
§

husbandry methods. The use of proxies and remote sensing for
estimating site emissions and/or carbon stocks is becoming more
feasible but still requires substantial time and financial input (e.g.,
Couwenberg et al. 2011, Willcock et al. 2012), although this would
still cost less than obtaining direct measurements. Currently, these
remain coarse tools compared with the actual response of GHG
emissions to small-scale changes in biophysical factors (Morrison
et al. 2013). None of these methods gives information about future
sustainability of the arable and restoration land uses, though this
is clearly higher for restoration land given its much lower rate of
soil loss.
The biggest interannual changes in GHG emission values in Table
2 result not from biophysical change but from market economics.
There are numerous different possible carbon prices that can be
used to turn the biophysical estimate into a monetary value, and
Table 2 shows the results of monitoring using two of these. The
first includes the Social Cost of Carbon (U.S. Government 2015)
and shows high values increasing from 2011 to 2014, while the
second reflects real carbon market prices (Peters-Stanley and
Gonzalez 2014, Hamrick 2015) and shows low values going down
over the same period; both are decoupled from the actual
biophysical changes taking place on the ground except for the
changing numbers of cattle and horses.
ASSESSING INTERACTIONS BETWEEN ECOSYSTEM
PROCESSES, BIODIVERSITY, AND ECOSYSTEM
SERVICES
We have already suggested that some ecosystem services, such as
nature-based recreation, are more obviously underpinned by
biodiversity than others. However, where the biodiversity varies in
response to the physical state of the ecosystem, the three-cornered
relationship between biodiversity, ecosystem process, and
ecosystem services becomes more difficult to interpret. For
example, at the Wicken Fen Vision project, visitors are attracted by

wildlife spectacles such as large flocks of wetland birds on the
extensive waterbodies that form during the winter months. Links
might therefore be expected between water table levels, wetland
bird numbers, and recreational services (measured in visitor
numbers). Annual data over an 8-year period show only one
weakly significant relationship between these variables (Table 3).
We acknowledge that if the data were reported at finer timescales,
they might show different relationships during different periods.
However, the lack of strong correlations between these variables
is not surprising because many other factors are implicated in
each part of this relationship, both on- and off-site, and all factors
are changing over different time frames. The spectacle of large
numbers of wetland birds draws visitors, but visitor numbers are
also influenced by weather, the state of the economy, a growing
local human population, and publicity events at the restoration
project. Wetland bird numbers are influenced by many factors
well beyond the project area, including the proximity, availability,
and habitat quality of waterbodies at a number of other largescale wetland creation sites within the southern part of the
Fenland region (four such projects lie within 30 km of the project),
and the conditions along migratory routes and at summer
breeding grounds elsewhere on the globe. The water table
conditions are influenced by rainfall and by water abstraction
under licence from the UK Environment Agency.
These relationships are further complicated by other factors,
including issues of marginality, lag effects, and sustainability.
Marginality issues affect some services more than others. For
example, in relation to climate regulation, GHG emissions are
directly proportional to land area (albeit with likely fine-scale
variability), whereas recreational services are not, so monitoring
data need to be interpreted with this in mind. Lag effects between
changing ecosystem processes and components are highly
variable, and it is difficult to assess how they influence ecosystem
services over time since it is not possible to measure all the
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variables (Tallis et al. 2008). Hence, even if measuring the resulting
service is possible, it may not be possible to understand why its
value changes and therefore how sustainably the services can be
provided into the future (Palmer and Febria 2012).
PRACTICAL ASPECTS OF MONITORING A
LANDSCAPE-SCALE PROJECT
Monitoring logistics, cost, and required expertise
Monitoring a landscape-scale restoration project necessarily
requires monitoring over a large spatial extent because of the large
functional boundaries of relevant ecosystem processes. It also
requires monitoring over long time frames because biodiversity,
ecosystem processes, and ecosystem services vary interdependently
through very different time frames in response to many exogenous
and endogenous factors. It further requires many more factors to
be monitored, some of which are conceptually complex, expensive
in practice, and difficult to interpret, and may be beyond the
practical capacity of a restoration project. There are only a few
synergies to be found between monitoring areas in terms of their
required metrics. For example, at the Wicken Fen Vision project,
data on numbers of grazing animals form part of biodiversity
monitoring, inform the calculations of changing GHG fluxes, and
contribute to interpretation of changing vegetation communities
over time. Where and how to deposit monitoring data can also
be problematic and increases in scope as the numbers of metrics
and people involved increase. Issues that need resolving include
data quality control, access, intellectual property, and
governance.
Data collection across so many different monitoring areas
requires a wide range of qualified professional and volunteer
personnel and a budget to cover professional time and equipment
where required. At the Wicken Fen Vision project, one-off capital
equipment costs of monitoring included automated dipwells,
False-Colour InfraRed (FCIR) aerial photography, and
installation of grazing exclosures. Personnel costs in the first 5
years of the monitoring program (2007–2012) included a full-time
monitoring officer plus consultant specialists for invertebrate
surveys and analysis of the FCIR imagery. More than 50
volunteers engaged with monitoring during this period, but
maintaining volunteer engagement between years can be difficult,
and it was concluded that paid monitoring personnel are essential
for consistent and regular monitoring of critical areas.
The importance of monitoring to engage stakeholders
Monitoring can also play an important role in landscape-scale
projects in alleviating the concerns of local stakeholders. At the
Wicken Fen Vision project, there were initial, unfounded, local
concerns about potential flooding of homes, and it was useful to
be able to demonstrate knowledge of water tables across the
project area by providing water table monitoring data. Peh et al.
(2014) subsequently demonstrated that the project delivers a net
benefit in terms of avoided flood damage. Monitoring the
ecosystem services that the new landscape offers can have a useful
public relations role to play in such projects since many
stakeholders may be more interested in economic benefits than
biodiversity outcomes. A regular project newsletter is delivered
by the National Trust to all households in villages and settlements
adjacent to the project (approximately 22,000 households), and
includes reports on aspects of science and monitoring.

Involvement and training of local volunteers in the monitoring
program helps engage people with the project and improves
perceptions of it.
Interpreting and using monitoring results
Monitoring both biodiversity and ecosystem services can provide
data to aid decision-making, but it is important that data
provision does not subvert management objectives. For example,
investment in nongreen infrastructure such as additional access
routes to maximize visitor numbers may, if not planned carefully,
reduce the abundance of species of conservation interest which
are the primary objective. At the Wicken Fen Vision project, yearround static shallow water tables would probably provide optimal
reductions in GHG reductions (Morrison et al. 2012), but in most
wetlands, varied inter- and intra-annual water table fluctuations
are necessary to promote natural regeneration of many vegetation
communities and to provide diverse habitat conditions through
the year for a variety of animal species (Hughes et al. 2012a,
Ausden et al. 2014). Stabilizing water tables may also reduce the
maintenance of habitats that have beneficial effects on long-term
reduction of emissions. Thus, monitoring can inform decisionmaking at a landscape-scale restoration site, but it is important
to be clear about the relative importance of objectives related to
biodiversity restoration and ecosystem service provision (Casazza
et al. 2016).
CONCLUSION
Mindful of all these challenges, we provide practical
recommendations to begin to address them at a project level.
Addressing these challenges is important because Payments for
Ecosystem Services and offsetting schemes are increasingly based
on restoration projects and should relate to actual delivery of
services and biodiversity on the ground as well as to their ability
to sustain both of these into the future. For example, some extant
schemes currently accept the use of proxy methods of assessing
GHG emissions reductions (e.g., Tanneberger and Wichtmann
2011).
Consider what each monitoring variable tells you before choosing
to monitor it
Time frames over which significant changes can be detected will
determine the frequency and intensity of monitoring required for
different metrics. Choosing metrics can be difficult; for example,
choice of ecosystem process metrics to monitor requires a good
understanding of which biotic and abiotic factors are coupled.
Some metrics can contribute to monitoring several different
aspects, as demonstrated by grazing data at Wicken Fen. In
general, however, different metrics are required for different kinds
of monitoring. Understanding relationships between the
sensitivity of measuring methods, sampling design, and likely
magnitude of spatial and temporal change is important in all types
of monitoring. Where possible, confidence intervals should be
reported, and uncertainties in data validity highlighted, even if
only in qualitative terms.
Choosing which ecosystem services to measure is best approached
through a consensual approach and in conjunction with a wide
range of project stakeholders. This approach is recommended in
the TESSA toolkit (Peh et al 2013). Biophysical metrics are better
than monetary metrics for understanding change on the ground,
but monetary metrics can provide common units for comparison
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of ecosystem services. Overall, we advocate a pluralistic approach
to valuation of ecosystem services, with careful consideration of
when monetary values can be used and when alternatives should
be sought. Approaches to value pluralism are currently being
refined, for example, in the discussion of integrated valuation by
Gómez-Baggethun et al. (2014).

under neoliberalism in the UK. Transactions of the Institute of
British Geographers 39:574–588. http://dx.doi.org/10.1111/
tran.12050

Consider how and to whom you report your monitoring results
Reporting the achievements of a project in terms of biodiversity
metrics gives a very different context for valuing its achievements
compared with reporting its achievements in terms of ecosystem
service provision because the value of the biodiversity may not
be tightly correlated with the value of the service. Different
stakeholders are likely to have different views on the respective
values of these two dimensions (Ruckelshaus et al. 2015). Choice
of monitoring metrics and the incompatibilities of measurement
scale and sampling design of many biodiversity and ecosystem
service metrics can have a significant impact on the results
reported, on who values a restoration project, on perceptions of
cost-effectiveness, and on how decisions are made based on the
monitoring results.

Berkes, F., J. Colding, and C. Folke, editors. 2003. Navigating
social-ecological systems: building resilience for complexity and
change. Cambridge University Press, Cambridge, UK. http://dx.
doi.org/10.1017/cbo9780511541957

Consider the long term
Over time, landscape-scale wetland restoration projects can
expect biodiversity and ecosystem services delivery to change in
response to both endogenous and exogenous factors. Any project,
however well-defined its targets, is on a trajectory of ecosystem
change. These changes need to be factored into project
expectations and to any Payment for Ecosystem Services or
offsetting schemes associated with them. It is important that
projects do not attempt to create static ecosystems to ensure stable
delivery of ecosystem services, since this would not only have
detrimental effects on many wetland species and habitats but also
be unsustainable in the long term.

Responses to this article can be read online at:
http://www.ecologyandsociety.org/issues/responses.
php/8616
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