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Abstract
Despite growing recognition that mineral sites restored for nature conservation can en-

hance local biodiversity, the wider societal benefits provided by this type of restoration rela-

tive to alternative options are not well understood. This study addresses this research gap

by quantifying differences in ecosystem services provision under two common mineral site

after-uses: nature conservation and agriculture. Using a combination of site-specific primary

field data, benefits transfer and modelling, we show that for our sites restoration for nature

conservation provides a more diverse array of ecosystem services than would be delivered

under an agricultural restoration scenario. We also explore the effects of addressing differ-

ent conservation targets, which we find alter the provision of ecosystem services on a ser-

vice-specific basis. Highly species-focused intervention areas are associated with

increased carbon storage and livestock grazing provision, whereas non-intervention areas

are important for carbon sequestration, fishing, recreation and flood risk mitigation. The re-

sults of this study highlight the wider societal importance of restored mineral sites and may

help conservation managers and planners to develop future restoration strategies that pro-

vide benefits for both biodiversity and human well-being.

Introduction
Mineral extraction is an important economic industry, with sand and gravel excavation in the
UK alone valued at £665m a-1 [1]. Extraction activities are transient, ranging from less than a
year to several decades in duration, and once completed mineral companies are often required
to implement a restoration management plan to transform sites to an appropriate after-use.
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Among the many potential options, restoration to agricultural land is prevalent in the UK,
accounting for over half of all restored sites since the mid-20th Century [2]. However, with
increasing recognition of the potential of former mineral sites to enhance local biodiversity
[3–5], the proportion of post-extraction sites that are or will be restored to nature conservation
areas is increasing, and now accounts for approximately 30% of all sites [6].

Nature conservation is mostly promoted and implemented on the grounds of the intrinsic
value of biodiversity, yet conservation areas can also provide multiple ecosystem service bene-
fits such as water quality improvement or carbon storage and sequestration [7–10]. However,
while the biodiversity potential of mineral sites restored for nature conservation is well-recog-
nised, their capacity to deliver wider societal benefits is less understood (but see [11]). With
growing concerns around food security, competing demands for land [12, 13], and the costs as-
sociated with nature conservation [14], there is a need to evaluate the ecosystem services pro-
vided by mineral sites restored for nature conservation relative to those restored for
agriculture. Furthermore, recent work has suggested ecosystem service delivery at conservation
sites may vary depending on the extent to which management activities focus on protecting
particular species and habitats through targeted interventions [15]. However, there is currently
minimal knowledge regarding how the degree of species-focused intervention in nature conser-
vation affects ecosystem service provision from restored mineral sites [16].

In this study, we begin to address these research gaps by using a rapid assessment toolkit to
investigate ecosystem services provided by two restored mineral extraction sites in a predomi-
nantly agricultural landscape in Cambridgeshire, UK. Our objectives were to: (1) quantify dif-
ferences in ecosystem service provision between mineral sites restored for agriculture and
nature conservation; and (2) understand the extent to which the degree of species-focused in-
tervention in nature conservation affects ecosystem service provision at restored mineral sites.

Methods

Study sites
The study was conducted at two former gravel extraction sites: Ouse Fen Nature Reserve (oth-
erwise known as the Hanson-RSPB wetland project; 52.33 N, 0.02 W) and Fen Drayton Lakes
Nature Reserve (52.30 N, 0.04 W), located in Cambridgeshire, UK (Fig. 1). Both sites are man-
aged by the Royal Society for the Protection of Birds (RSPB) and permission for conducting re-
search was obtained from site managers prior to commencement of fieldwork activities. The
sites are surrounded by arable farmland and are recognised as important birdwatching loca-
tions. The population of the immediate surrounding area is relatively low; the nearest popula-
tion centres to both sites are Huntingdon, approximately 12 km away with a population of
24,000, and Cambridge, approximately 20 km away with a population of 124,000 [17].

Ouse Fen Nature Reserve
The site of Ouse Fen Nature Reserve has been used by Hanson UK for gravel extraction since
1994. Approval for mineral extraction was originally granted based on an intended after-use of
agriculture. However, this plan was later changed to a nature-conservation after-use scheme,
and restoration began in 2002. Nature-focused restoration includes extensive profiling of the
post-extraction basin to create shallow areas, and deliberate planting with reeds. At the time of
study, the post-extraction nature reserve site was 153 ha. When extraction is completed in
2032, it is expected that the resulting reserve will be about 700 ha. The site contains four prima-
ry habitat types: (i) open water and (ii) Phragmites australis reedbed in the post-extraction ba-
sins; and (iii) grassland and (iv) scrub woodland (predominantly Crataegus monogyna and
Prunus spinosa) in the areas between these basins. Despite its short history as a nature reserve,
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Ouse Fen has already been colonised by several bird species of high conservation value includ-
ing bittern (Botaurus stellaris), marsh harrier (Circus aeruginosus) and bearded reedling
(Panurus biarmicus) [18]. Cattle grazing is used to manage the extensive grassland swards and
a network of paths is being created to provide visitor access from several entry points.

Fen Drayton Lakes Nature Reserve
Fen Drayton Lakes Nature Reserve is a 311 ha site situated approximately 3 km southwest of
Ouse Fen. Like Ouse Fen, the site comprises a series of lakes, wet grassland, scrub woodland
and P. australis reedbed, in this case formed progressively as a result of gravel extraction be-
tween 1950 and 1997. Initially, parts of the site that had been extracted received minimal
human intervention, resulting in deep basins with fringing vegetation that was allowed to colo-
nise naturally. We refer to this as our non-intervention scenario. Parts that were extracted later
received restoration that was more nature-focused, including profiling basins to provide shal-
low areas for reed-bed development, with a particular emphasis on attracting target species of
conservation concern. We refer to this as our intervention scenario. The site therefore consists
of a mix of non-intervention (older) and intervention (newer) compartments. The RSPB ac-
quired the site in 2007 and have implemented biodiversity-sensitive management within and
between compartments, including grazing by cattle and sheep to maintain wet grassland areas.

Fig 1. Map of Ouse Fen and Fen Drayton showingmain habitat types present at each site. Note that broadleaved woodland and scrub areas are
combined for estimates of global climate change mitigation.

doi:10.1371/journal.pone.0121010.g001
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An extensive series of paths between compartments provides for visitor access from a series of
entry points.

Ecosystem service assessment and scenario development
Discussions with key stakeholders—including RSPB reserve managers, the Environment Agen-
cy, regulators, and business partners—were used to identify the key ecosystem services provid-
ed by each site in their current state and under plausible alternative land use or management
scenarios. To address Objective 1, ecosystem service delivery at Ouse Fen was compared be-
tween the following post-extraction land use scenarios:

a. wetland nature conservation, as per the current state and extent of the site

b. agriculture, as per the original restoration proposal

To address Objective 2, ecosystem service delivery at Fen Drayton was compared under the
following land use scenarios:

a. current state of the site as a whole, with a mixture of invention and non-intervention
compartments;

b. intervention scenario, focusing on targeted species-focused restoration and management ac-
tions across the entire site;

c. non-intervention scenario, without profiling of the post-extraction basins and allowing nat-
ural vegetation colonisation across the entire site.

The key ecosystem services provided at Ouse Fen were considered by stakeholders to be
global climate change mitigation (through carbon storage and sequestration) and nature-based
recreation (under both scenarios), crop production (in the agricultural scenario), and grazing
(under the current nature reserve scenario). At Fen Drayton, the key ecosystem services were
identified as global climate change mitigation, livestock grazing, fishing, nature-based recrea-
tion and flood risk mitigation (provided by all scenarios). Ecosystem services were assessed for
the current and alternative restoration scenarios at each site using the TESSA (Toolkit for Eco-
system Service Site-based Assessment) methodology [19] to quantify differences in ecosystem
service delivery attributable to a given restoration strategy. TESSA is designed to provide prac-
tical, affordable and accessible methods for quantifying how the net value of ecosystem services
at the site scale is likely to change under different management decisions. This approach was
chosen because most other available assessment ‘toolkits’ are either designed primarily for use
at larger spatial scales, rely heavily on existing secondary datasets, or are unable to assess rela-
tive differences in service provision under different scenarios [19].The following sub-sections
describe assessment methods for each of these ecosystem services.

Global climate change mitigation
Current maps of Ouse Fen and Fen Drayton were used to stratify each site into four main habi-
tat types: grassland, scrub woodland, Phragmites australis-dominated reedbed and open water
[Table 1]. For the agriculture scenario at Ouse Fen, it was assumed that the site would be re-
turned to arable farmland typical of the area surrounding the site with a regionally-characteris-
tic mixture of cereal and general cropping. Using figures from the June agricultural census in
England [20] for Cambridgeshire in 2010, we assumed a ratio of 63% cereals and 37% general
cropping. We used the three dominant cereal (winter wheat (WW) 56%) and general crops (oil
seed rape (OSR) 16%, and potatoes 4%) as example crops for climate change mitigation calcu-
lations. At Fen Drayton, temporal changes in management strategies employed at the site were
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utilised to create hypothetical habitat compositions for the non-intervention and intervention
scenarios by scaling up habitat compositions and livestock densities of the oldest and newest
compartments, respectively, to the whole study site area [Table 1].

Carbon (C) stocks in above- and below-ground biomass and litter were calculated using
published literature values for each habitat type [21, 22]. Previous sampling at Ouse Fen indi-
cates soil types at the site are mineral [23]. Therefore, given the proximity of Ouse Fen to Fen
Drayton [Fig. 1], soil organic matter (SOM) C stocks at both sites were calculated based on cor-
responding mineral soil conversion factors [24]. Given the lack of standardisation among pub-
lished literature uncertainty values, errors in C stocks were estimated as 90% of mean values
following standard guidelines [22].

Net CO2 and N2O fluxes associated with soil and vegetation in grassland areas [25] were
used for extensively grazed grassland on mineral soil. Emissions of CH4 from livestock were es-
timated by using per head values for beef cattle grazing temperate grassland [22], and emis-
sions of N2O from manure by using values scaled by the proportion of time spent grazing the
site each year [22]. Net CO2 fluxes from mature deciduous woodland and scrubland areas were
estimated from [26] (lower estimate, measured in Oxfordshire, UK) and [27] (upper estimate,
modelled). The same estimates were used for mature deciduous woodland and scrubland be-
cause of the paucity of published values for scrubland or non-climax woodland. We assumed
that the CO2 flux of rapidly growing scrub and new woodland (pre-climax communities)
would lie somewhere between the minimum and maximum likely sequestration rates of mature
woodland stands, given that peak sequestration in tree stands occurs around the period of can-
opy closure (typically 5–20 Mg CO2 ha

-1 a‑1 [27]). Fluxes of N2O and CH4 from scrubland and
woodland areas with unfertilised mineral soils were considered to be insignificant [21, 27]. We
derived upper and lower estimates of net fluxes of CO2 and CH4 from reedbed areas [28, 29],
but (in the absence of published data) omitted greenhouse gas fluxes from open water. Emis-
sions of CO2 from soil organic matter oxidation were estimated for arable farmland [24]. Direct
and indirect (volatilisation and leaching) N2O emissions were derived following assuming 160
kg ha-1 nitrogen fertiliser addition annually for WW, 155 kg ha-1 for OSR and 70 kg ha-1 for
potatoes [22, 30]. Emissions of CH4 from arable farmland were not calculated as these are con-
sidered to be negligible from aerobic soil environments[21].

Overall C storage for the current and alternative land use scenarios at each site was calculated
as the sum of above- and below-ground biomass, dead wood, litter and SOM per unit area for
each type of habitat multiplied by habitat area. We converted net flux of each gas (Mg ha-1 a-1)
into Mg CO2 equivalents (CO2-eq) ha

-1 a-1, and summed these to give a net global warming po-
tential (over 100 years, GWP100) ha

-1 a-1 under each land use [31]. These values are also express-
ed as a total value of Mg CO2-eq a

-1 for the whole of each site. We used the standard convention

Table 1. Habitat areas for Ouse Fen and Fen Drayton under current and alternative land-use scenarios.

Ouse Fen (ha) Fen Drayton (ha)

Habitat type Current state (Nature
conservation)

Agricultual
scenario

Current state (Mix of
treatments)

Intervention
treatment

Non-intervention
treatment

Grassland 58 - 105 88 23

Open water 21 - 164 160 249

Scrub
woodland

6 - 27 32 37

Reedbed 69 - 15 32 2

Arable
farmland

- 153 - - -

doi:10.1371/journal.pone.0121010.t001
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of positive values indicating net atmospheric warming, and expressed results as a range based on
minimum and maximumGHG emissions values. Values of global climate change mitigation
benefits attributable to carbon storage and sequestration were explored using a range of pub-
lished C prices.

Livestock Grazing
The RSPB does not currently impose a fee on graziers in return for grazing rights on grassland
areas at Ouse Fen. Therefore, the current value of livestock grazing at the site was based on the
assumption that graziers would be charged for grazing elsewhere, as confirmed in an interview
with a local grazier. This value was derived from the per unit area charge applied currently at
the neighbouring Fen Drayton site (below). Under the agriculture scenario no grazing occurs
at Ouse Fen.

Grazing at Fen Drayton is charged currently to the grazier for access to a total of 143 ha
(70 ha of the study site and an additional 73 ha of adjacent land) for which a charge per unit
area was derived. For the intervention scenario, the proportion of land grazed in the newest
compartment of the reserve was scaled up to the whole site and the value of grazing calculated
by multiplying this area by the current grazing charge per unit area. Under the non-interven-
tion scenario no grazing occurs at Fen Drayton.

Crop production
Due to sensitivity issues of disclosing financial information of individual farm business, income
figures from crop production immediately around Ouse Fen were unavailable. Therefore, we
estimated the value of gross farm income from crop production for the agriculture scenario
using the regional average cropping ratio as above [20] and regional average farm business fig-
ures from the 2010/2011 Farm Business survey [32]. Farm business figures were adjusted to ex-
clude income and expenditure not directly associated with crop production, such as
agricultural subsidies received under the European Union Common Agricultural Policy (since
these represent an internal transfer of benefit between societal constituents [33]), and rent or
interest accrued through land ownership/capital holdings [34].

Nature-based recreation
Recreational values for each site were determined using individual visitor questionnaires con-
ducted during June/July 2012 (see S1 and S2 Texts for interview questions). Data were collected
over seven days at Ouse Fen and 11 days at Fen Drayton and spanned a range of school days
and school holidays. Daily visit numbers were also recorded. We did not seek ethical approval
for visitor surveys because our questions involved no categorization by race/ethnicity, age, dis-
ease/disabilities, religion, sex/gender, sexual orientation, or other socially constructed group-
ings. Data were collected and analysed anonymously and oral consent was sought for each
respondent at the beginning of each survey. Where consent was not granted, interviews were
terminated and any collected data were deleted. Written consent was considered to be inappro-
priate due to the short duration of each interview (typically< 3 mins) and the potential for ob-
taining written consent to reduce participant numbers substantially and bias results. Annual
visit numbers were unavailable for either site. Therefore, we used data from a nearby restored
wetland (Wicken Fen, Cambridgeshire, UK) for which daily and annual visit numbers were
available. Annual visit numbers to Ouse Fen and Fen Drayton in their current states were esti-
mated on the assumption that the proportion of the entire year’s visits which occurred on our
survey days was the same at Ouse Fen, Fen Drayton and Wicken Fen. The annual value of the
recreational benefits provided by each site was calculated as the estimated annual number of
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visits multiplied by mean spend per visit, defined as the sum of the cost per visit of travel to the
site and any additional spend in the local area (as estimated from responses to our question-
naires). For international visitors, we calculated the cost of travel based on the distance from
their place of residence while in the UK, rather than their home country. Note that in focusing
on direct expenditure we did not consider other aspects of recreational value such as consumer
surplus (for detailed discussion see [35]).

To estimate the recreational value of the agriculture scenario at Ouse Fen visitors there were
asked if they would still visit the site if it had been restored to farmland, and the proportion an-
swering ‘yes’ then multiplied by the annual number of visits to the site in its current state and
by the mean spend of this subset of visitors. Visitors to Fen Drayton were asked which com-
partments of the site (intervention, non-intervention, or a mixture) they preferred. We estimat-
ed the proportion of current visits that would occur under each scenario by making ratio-based
adjustments to visitor numbers based on relative popularity ratings between different compart-
ments. These figures were used to calculate annual recreational values for the site under differ-
ent intervention scenarios.

Fishing
No fishing occurs at Ouse Fen under the current or agriculture scenarios. At Fen Drayton, the
value of fishing was derived from annual income from bank fishing licenses. Under the inter-
vention scenario no fishing occurs at Fen Drayton. For the non-intervention scenario, the pe-
rimeter of water fished in the oldest compartment of the reserve was scaled up to the whole site
and annual value of fishing calculated by multiplying this by the current fishing charge per unit
length per unit area.

Flood-risk mitigation
Though situated in the historical floodplain of the river Great Ouse, Ouse Fen is separated
from the river by high flood banks (breached only once in the last century) and instead receives
water from de-watering activities in active extraction areas of the site. In times of flood, excess
water flows down the river, past Ouse Fen, to be stored in flood detention areas lower in the
catchment and therefore the flood risk mitigation benefits provided by Ouse Fen are negligible.

Fen Drayton is also situated in the floodplain area of the river Great Ouse. During periods
of high discharge the site acts to retain water and in doing so provides flood mitigation benefits
to nearby villages. Monetary values of flood risk mitigation were not calculated because region-
al-scale value transfer estimates were unavailable, and also because a monetary ecosystem ser-
vice comparison was not the aim of the study. Instead, we adopted a more tractable approach,
assessing simply the physical capacity of the site to mitigate flood risk by calculating the sum of
above- and below-ground water storage provided by the site in its current state. Above-ground
storage at the site was calculated for each major compartment as the volume between the mean
water table and the bank top using a digital elevation model (1 m horizontal resolution, 0.01 m
vertical resolution). The volume of soil above the water table in each compartment was also cal-
culated and then multiplied by the drainable porosity of the soil (taken as 0.25 for fine gravel
[36]) to derive below-ground storage for each compartment [37]. The mean volume of water
stored per unit area for all compartments was multiplied by the area of Fen Drayton to estimate
the total water storage capacity in its current state. For the alternative scenarios, mean volumes
of water stored per unit area were calculated for the intervention and non-intervention com-
partments and then scaled across the entire site.

Ecosystem Services fromMineral Sites Restored for Nature Conservation
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Restoration and management costs
One-off restoration and annual management costs were calculated for the different states at
each site based on current industry figures for restoration costs per unit area of habitat (N.
Symes, pers. comm.), annual RSPB management data [18] and agricultural production costs
[32]. Farm expenditures included manual labour, interest and rental costs, and also an addi-
tional value for unpaid labour (predominantly that of the farmer and spouse) which, although
often excluded from reported values, constitutes a genuine cost to agricultural production.
Note that these values are presented to place the restoration strategies in a management con-
text, and are not intended to represent a full cost-benefit analysis.

Results

Global climate change mitigation
The total C stock of Ouse Fen in its current nature conservation state is estimated at 16087 ±
14478 Mg C, of which more than half is stored in SOM [Table 2; Fig. 2A]. Reedbed habitat rep-
resents 70% of total C storage at the site. Under the agricultural scenario, total mean C storage
is less than half that of the current state, with almost 90% stored as SOM. Carbon storage at
Fen Drayton is estimated to be 12962 ± 11666 Mg C in the current state. This figure is approxi-
mately 2000 Mg less than in the intervention scenario, but twice that of the non-intervention
scenario [Table 2; Fig. 3A].

Table 2. Mean C storage by habitat type at Ouse Fen and Fen Drayton under current and alternative land-use scenarios.

Site and scenario Habitat type Habitat coverage (%) Carbon storage (Mg)

AGB BGB Litter SOM Total

Ouse Fen—Nature conservation (current state) Grassland 38 63 407 129 3486 4084

Scrub woodland 4 143 143 13 376 676

Reedbed 45 4832 651 634 5209 11327

Open water 13 0 0 0 0 0

Total 5038 1201 776 9071 16087

Ouse Fen—Agricultural scenario Cropped land 100 721 153 57 6596 7527

Fen Drayton—Mix of treatments (current state) Grassland 34 114 735 233 6304 7386

Scrub woodland 9 640 640 59 1681 3021

Reedbed 5 1090 147 143 1175 2556

Open water 53 0 0 0 0 0

Total 1844 1523 436 9160 12962

Fen Drayton—Intervention scenario Grassland 28 95 613 194 5255 6157

Scrub woodland 10 760 760 70 1994 3583

Reedbed 10 2228 300 292 2402 5223

Open water 51 0 0 0 0 0

Total 3082 1673 557 9651 14963

Fen Drayton—Non-intervention scenario Grassland 7 25 160 51 1369 1604

Scrub woodland 12 889 889 82 2332 4192

Reedbed 1 149 20 20 161 350

Open water 80 0 0 0 0 0

Total 1062 1068 152 3862 6145

AGB, BGB and SOM denote above-ground biomass, below-ground biomass, and soil organic matter, respectively.

doi:10.1371/journal.pone.0121010.t002
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Net GHG flux at Ouse Fen is 81 to 752 and 41 to 511 Mg CO2-eq a
-1 in the current state and

agriculture scenario, respectively [Fig. 2B], and attributable primarily to CH4 production from
anaerobic reedbed habitats in the current state and N2O emissions frommineral fertilisers in the
agricultural scenario. Net GHG flux at Fen Drayton is 44 to -506 Mg CO2-eq a

-1 in the current
state, 251 to -450Mg CO2-eq a

-1 in the intervention scenario, and -152 to -531 Mg CO2-eq a
-1 in

the non-intervention scenario [Fig. 3B]. Monetary values of C storage [Table 3] and C sequestra-
tion [Table 4] vary by one to two orders of magnitude depending on C price.

Grazing
The value of grazing at Ouse Fen is estimated to be £2854 a-1 based on a standard charge for
grazing rights of £49 ha-1 a -1. This value is zero in the agricultural scenario [Fig. 2C]. At Fen
Drayton, the value of grazing is estimated to be £3433 a-1 in the current state of the site, £1763 a-1

in the intervention scenario, and zero in the non-intervention scenario [Fig. 3C].

Fig 2. Ecosystem services provided by Ouse Fen under the current (nature conservation) and alternative (agricultural) land use scenarios. Bars for
C storage represent mean values and error bars represent upper and lower estimates assuming errors of ±90%mean values.

doi:10.1371/journal.pone.0121010.g002
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Crop production
The value of crops at Ouse Fen under the agriculture scenario was estimated from regional av-
erage values for gross farm income of £1215 ha-1 a-1 for cereals and £1928 ha-1 a-1 for general
cropping, yielding a total gross annual income of £226,258 when cropped at the regionally typi-
cal ratio of 63:37 cereals to general cropping [Table 5; Fig. 2D].

Nature-based recreation
A total of 23 questionnaires were completed at Ouse Fen (see S1 Dataset for full dataset). Most
visitors travelled from the local area by car with a mean travel distance of 16 km [Table 6]. Ap-
proximately 4,500 visits were estimated for the site each year in its current state and the annual
recreational value of the site was calculated as £17,950. Under the agricultural scenario, annual
visit numbers were estimated to be reduced to 3,129 and the annual recreational value of the
site was estimated as £12,487 [Fig. 2E].

At Fen Drayton, 216 questionnaires were completed. As for Ouse Fen, the majority of visi-
tors lived locally to the site and travelled by car [Table 6].Total visit numbers to the site in its

Fig 3. Ecosystem services provided by Fen Drayton under the current management regime and alternative intervention and non-intervention
scenarios. Bars for C storage represent mean values and error bars represent upper and lower estimates assuming errors of ±90%mean values.

doi:10.1371/journal.pone.0121010.g003
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current state were estimated to be 21,730 a-1 with a recreational value of £98,346 a-1. There was
a significant difference in visitor preferences between intervention types, (χ2 = 16.254, df = 2,
p<0.001), with 21% preferring the intervention compartment (recreational value £55,818 a-1),
42% preferring the non-intervention compartment (recreational value £111,636 a-1) and 37%
preferring the current mix [Fig. 3D].

Table 3. Sensitivity analysis of mean C storage valuation.

Source £ Mg CO2-eq
-1 C storage (£)

Ouse Fen Fen Drayton

Currentstate Agriculture
scenario

Currentstate Intervention
scenario

Non-intervention
scenario

EU Emission Trading Scheme (Point
Carbon, 2011)

3.95 233,497 109,249 188,148 89,189 217,190

US Government (Greenspan Bell
and Callan, 2011)

15.26 900,652 421,400 725,731 344,024 837,752

UK Government Central Scenario
(DECC, 2013)

3.49 206,044 96,405 166,027 78,703 191,655

UK Government High Scenario
(DECC, 2013)

15.57 919,230 430,092 740,701 351,120 855,033

Tol (2010) 21.47 1,267,292 592,945 1,021,165 484,071 1,178,788

Stern et al. (2006) 63.28 3,735,717 1,747,879 3,010,183 1,426,940 3,474,823

Verified Emission Reductions
(Peters-Stanley et al., 2011)

4.14 244,164 114,240 196,744 93,264 227,113

Carbon prices were adjusted to 2013 based on IMF (2013) inflation rates. US$ values were converted to UK£ using an exchange rate of $US1.62/UK£.

doi:10.1371/journal.pone.0121010.t003

Table 4. Sensitivity analysis of median C sequestration valuation.

Source £ Mg CO2-eq
-1 C sequestration (£ a-1)

Ouse Fen Fen Drayton

Currentstate Agriculture
scenario

Currentstate Intervention
scenario

Non-intervention
scenario

EU Emission Trading Scheme (Point
Carbon, 2011)

3.95 -1,649 -1,092 915 395 1,350

US Government (Greenspan Bell
and Callan, 2011)

15.26 -6,361 -4,210 3,527 1,522 5,208

UK Government Central Scenario
(DECC, 2013)

3.49 -1,455 -963 807 348 1,192

UK Government High Scenario
(DECC, 2013)

15.57 -6,493 -4,297 3,600 1,553 5,316

Tol (2010) 21.47 -8,951 -5,924 4,963 2,141 7,329

Stern et al. (2006) 63.28 -26,386 -17,464 14,631 6,312 21,604

Verified Emission Reductions
(Peters-Stanley et al., 2011)

4.14 -1,725 -1,141 956 413 1,412

Carbon prices were adjusted to 2013 based on IMF (2013) inflation rates. US$ values were converted to UK£ using an exchange rate of $US1.62/UK£.

doi:10.1371/journal.pone.0121010.t004
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Fishing
The value of fishing at Fen Drayton under the current state of the site, based on recorded in-
come from fishing licenses, is £14,433 a-1. Fishing is absent under the intervention scenario.
The value of fishing under the non-intervention scenario, as calculated by scaling up the perim-
eter of lakes fished in the oldest compartment across the whole site, was calculated to be
£22,613 a-1 [Fig. 3E].

Flood-risk mitigation
In its current state, Fen Drayton has an estimated water storage capacity of 3,323,000 m³.
Under the intervention and non-intervention scenarios water storage capacity is 2,924,000 m³
and 3,419,000 m³, respectively [Fig. 3F].

Restoration and management costs
At Ouse Fen, one-off restoration costs (approximately £0.8m or £5000 ha-1) are similar be-
tween the nature reserve and agriculture scenarios [Fig. 4A]. Annual management costs under
the agriculture scenario are £1021 ha-1, leading to a total net farm income due to arable produc-
tion of £55,056 a-1 [Table 4]. These management costs are considerably more than those in-
curred as a nature reserve (£650 ha-1). At Fen Drayton, restoration costs range from £1.1m to
£1.5m (£3600 ha-1 to £4800 ha-1) between the current state and alternative scenarios [Fig. 4B].
Annual management costs for the current state (£250 ha-1) and the non-intervention scenario

Table 5. Outputs and costs associated with the agricultural restoration scenario at Ouse Fen assuming a regionally-characteristic ratio of 63:37
cereals to general cropping.

Cereals (£ ha-1) General cropping (£ ha-1) Agricultural scenario (£ ha-1) Total (£)

Total agricultural output (excluding subsidies) 1215 1928 1479 226258

Less: income from miscellaneous activities -109 -78 -98 -14922

Outputs attributable to cultivated goods 1106 1850 1381 211336

Total fixed and variable costs 888 1473 1104 168981

Plus: unpaid labour 86 75 82 12535

Less: net interest and rent -74 -147 -101 -15455

Less: costs of miscellaneous activities -68 -57 -64 -9781

Costs attributable to cultivated goods 832 1344 1021 156280

Net income attributable to cultivated goods 274 506 360 55056

doi:10.1371/journal.pone.0121010.t005

Table 6. Descriptive statistics for visitors to Ouse Fen and Fen Drayton.

Ouse Fen Fen Drayton

Transport (%) Car 48 51

Bicycle 13 16

Walk 30 21

Bus 0 8

Other 9 4

Mean number in party Adults 1.39 1.69

Children 0.17 0.25

Mean ± SD distance travelled (km) 16.16 ± 13.54 15.82 ± 28.48

Mean ± SD spend per visitor (UK £) 3.99 ± 8.27 4.52 ± 9.54

doi:10.1371/journal.pone.0121010.t006
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(£200 ha-1) are similar, but costs for the intervention scenario (£520 ha-1) are substantially
higher.

Discussion
This study compared the capacity of two common mineral site after-uses—nature conservation
and agriculture—to provide ecosystem services, and also explored how the focus of conserva-
tion activities mediates the delivery of ecosystem services. The following section examines
these topics in turn and subsequently contextualises the results of the study by comparing eco-
system services provision and considering restoration and ongoing site management costs
across different management scenarios.

Ecosystem services provided by nature conservation compared with
agriculture
Our results demonstrate that the nature conservation management strategy employed at Ouse
Fen provides more than double the mean C storage than would occur under an alternative agri-
cultural land use. This is due largely to the considerable quantity of AGB and SOM stored in
reedbed and SOM stored in grassland habitats [21]. The value of this stored C can be consider-
able, depending on the choice of published C price used, with higher values arising from C
prices incorporating social costs and lower values from those reflecting market-based values.
Higher C prices may lead to C storage and sequestration becoming a dominant feature in eco-
system service valuations, with the potential for tradeoffs to arise between maximising mone-
tary values and maintaining social equity. With respect to ongoing C fluxes, the nature
conservation strategy at Ouse Fen is associated with some CO2 sequestration from the atmo-
sphere, yet the concurrent emission of CH4 with high GWP100 from livestock and reedbeds
suggests the site is currently a net emitter of GHGs. Similarly, the agricultural scenario at Ouse
Fen is also a net emitter of GHGs, primarily caused by high N2O emissions associated with the
application of fertilisers. While off-site impacts are not covered in this study, it is notable that
the fertiliser production process is energy intensive and generates substantial GHG emissions
[38]. Given the relatively wide range of published emission factors employed in this study, our
estimates suggest the GWP100 of Ouse Fen is comparable under both nature conservation and
agricultural management scenarios.

In contrast to the results of a similar recent study examining ecosystem services provision at
a restored wetland site [34], we found no clear net benefit between either the nature conserva-
tion or agricultural management strategies at Ouse Fen. The value of crop production under
the agriculture scenario was higher than that of any other service for which monetary values
were assigned, but annual management costs associated with this scenario were also higher
than those associated with the nature conservation restoration state. Furthermore, increased
supply of this provisioning ecosystem service was linked to a trade-off in other regulating and
cultural services considered in this study (Fig. 5A). Similar associations between increased agri-
cultural production and declines in other ecosystem services have been reported elsewhere [39,
40], although such patterns are not universal [41]. Provision of some services are habitat area-
based, and the provision of one may preclude another (e.g. if all land is used for growing crops
then none can be used for grazing), while in other cases trade-offs are not inherent (e.g. a site
under crop production could conceivably receive as many visitors one under natural habitats).
In fact, almost 70% of sampled visitors to Ouse Fen indicated that they would still visit the site
if it had been restored to an agricultural after-use. Although cropland is rarely well-integrated
with the provision of recreational space [42], agricultural landscapes in the UK are often inter-
woven with permissive footpaths. Given that Ouse Fen has only recently been restored, and

Ecosystem Services fromMineral Sites Restored for Nature Conservation

PLOS ONE | DOI:10.1371/journal.pone.0121010 April 20, 2015 13 / 20



Fig 4. One-off restoration costs (grey bars) and annual management costs (white bars) for a) Ouse Fen under the current and agriculture
scenarios, and b) Fen Drayton under the current management regime and alternative intervention and non-intervention scenarios.

doi:10.1371/journal.pone.0121010.g004
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does not yet have the level of access that might normally be present in a UK nature reserve, it is
possible that many visitors use existing historical footpaths for recreation and would still do so
if the site had not been restored to a nature reserve.

Ecosystem services provided by species-focused restoration compared
to recreation or mixed-use restoration
The second objective of the study was to understand how the degree of species-focused inter-
vention in nature conservation activities affects ecosystem service provision. Understanding
this association is potentially important for site managers given the high management costs
that can be associated with implementing nature conservation activities [14]. Our results indi-
cate that ecosystem service delivery at Fen Drayton is influenced to some extent by species-fo-
cused interventions, but that this relationship varies on a service-specific basis across the site.

Intervention management areas at Fen Drayton, which are focused on targeted restoration
and management actions to support target species of conservation concern, are important pro-
viders of carbon storage and livestock grazing, reflecting nature conservation activities that are
designed to foster the creation of priority habitat areas. Here, management is centred on en-
couraging the growth of reedbeds with high volumes of organic matter. In terms of both resto-
ration and ongoing management costs, such activities are relatively expensive in comparison to
the non-intervention scenario. Our results indicate that at present Fen Drayton has a climate
cooling negative GWP100, and would do so under the intervention scenario. Intervention areas
are important for the provision of grazing where cattle are used to manage the height of grass-
land swards, yet livestock also contribute to CH4 emissions from the site. Moreover, the current
state of the site delivers greater grazing services than it would under either of the two hypothet-
ical scenarios (as it more contains more area under grassland).

Our results indicate that the provision of other ecosystem services, specifically carbon se-
questration, fishing and flood risk mitigation, is higher in non-intervention areas at Fen Dray-
ton (Fig. 5B). This is due predominantly to the historical lack of site re-profiling following
gravel extraction, which has resulted in the continued presence of steep-banked compartments
with large areas of open water in the older areas of the site. Steep banks inhibit the growth of
marginal reedbed vegetation [43], but increased areas of open water facilitate improve public
fishing opportunities. Additionally, these steep-banked compartments have greater water stor-
age capacity than those with more gentle profiles, and so have increased potential to contribute
to reducing the risk of flooding to downstream communities. Given a median annual flood dis-
charge for the Great Ouse river of 85.3 m³ s-1 [44] there would be a relatively small time differ-
ence of 96 minutes for floodwaters to fill the site between the intervention (11.1 h) and non-
intervention (9.5 h) scenarios, suggesting that the primary beneficiaries of increased flood risk
mitigation provided by the site under the non-intervention scenario would most likely be to
local downstream communities during less extreme flood events. The recreational value of this
area of the site was also higher in the non-intervention area than the intervention area and the
site in its current state. Given that trails around both areas mean that their accessibility is
broadly equal, we suggest that the higher value of the non-intervention area may be linked to
the dominance of open water that is considered among the most attractive of landscape ele-
ments [45]. However, approximately 40% of all visitors to Fen Drayton preferred the mix of

Fig 5. Summary of ecosystem services provision andmanagement costs expressed in £ a-1 under different restoration scenarios for a) Ouse Fen
and b) Fen Drayton.GHG flux values are based on UK Government central scenario figures. Note that flood risk mitigation values are absent because these
are not expressed as monetary values. See text for abbreviations.

doi:10.1371/journal.pone.0121010.g005
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habitats that exists currently at the site, supporting previous studies that have also reported vis-
itor preference for heterogeneity among landscape elements [46, 47].

Values and limitations of a rapid ecosystem services assessment
This study provided a rapid site-scale assessment of ecosystem services and so has limitations
compared to a more comprehensive appraisal. For example, there are other ecosystem services
provided by the study sites that were not assessed here because of technical difficulties (e.g. in
quantifying existence values) or the risk of double counting (e.g. in estimating the value of pol-
lination to surrounding arable fields). High uncertainty in published values of C storage and
GHG fluxes associated with different habitat types underline the potential errors associated
with benefit-transfer approaches and the importance of collecting primary site-specific data
where possible [48]. Our estimates of recreational and fishing value focus solely on the more
tractable elements of direct expenditure incurred by on-site visitors and do not consider con-
sumer surplus (i.e. estimates should be interpreted as the minimum visitors were willing to
spend) or the views of people who chose not to visit the sites; and (at Ouse Fen) are limited by
a relatively small sample size. Additionally, the study affords only an instantaneous ‘snapshot’
of ecosystem service delivery, rather than considering how service provision may change over
time, or how supply is related to demand (e.g. [49]).

However, despite these limitations we suggest our results provide useful indications, based
on well-established methods, of the capacity of each site to provide benefits to society. The use
of biophysical ecosystem service indicators where possible is advantageous because these are
independent of market fluctuations and are more closely related to the ecosystem functions
that underpin service delivery [50]. Finally, the approach employed by this study is aimed to be
accessible to all stakeholders, and its participatory nature means it can be used to explore the
wider consequences of nature conservation and promote discussion between different ecosys-
tem service beneficiaries.

Conclusion
Ouse Fen and Fen Drayton illustrate some of the different restoration strategies that are possi-
ble at post-mineral extraction sites, and the provision of ecosystem services associated with
them. Our results show that Ouse Fen as a nature reserve provides more recreational benefits
than it would as agricultural land, while at Fen Drayton, the recreation benefits of the site are
highest in its current state where different areas of the site have been subject to different levels
of intervention, suggesting that a heterogeneous site appeals to more users. Greenhouse gas
fluxes and carbon stocks are largely determined by the habitats and their management provid-
ed under the various scenarios at both sites. Nature reserve and intervention management
provide greater carbon stocks, but none of the options provide especially high levels of seques-
tration, because both agricultural activities and wetlands are net GHG-emitters. At both sites,
the benefits associated with agriculture and grazing are provided in proportion to how compat-
ible these activities are with the restoration scenario.

The implications of changes in ecosystem service provision associated with different resto-
ration strategies should be considered in the context of the beneficiaries, who are largely local
(with the exception of the global beneficiaries of climate change mitigation). Under the agricul-
tural scenario at Ouse Fen, local recreational benefits are reduced, and financial benefits of agri-
cultural production are more concentrated (although the provision of food to the wider public
is also a consideration). At Fen Drayton, ecosystem service benefits are provided to people who
may not visit the site, but who benefit from somewhat increased flood protection, while the dif-
ferent restoration scenarios are likely to appeal to different site visitors.
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For conservation managers and restoration advisors, our results highlight the wider socio-
economic benefits provided by these restored mineral sites and the dynamics that occur be-
tween multiple ecosystem services under different types of restoration and management re-
gime. Because differences in service provision under different restoration scenarios have most
impact on local beneficiaries, future site restoration schemes may benefit from adopting a lo-
calised (as well as site-specific) planning approach. Nonetheless, we suggest decisions regarding
mineral site restoration should not necessarily be based only on utilitarian grounds (cf. [51]).
For example, the potential marginal benefits to consumers of crop production from Ouse Fen
represent only 0.002% of the national output [52], whereas the site in its current state supports
approximately 2.5% of the total bittern population in the UK (S. Wotton, 2014, pers. comm.).
Therefore, while improved recognition of ecosystem service delivery may help to inform the
restoration of mineral extraction sites, this information must be considered by decision-makers
alongside legislative requirements, non-use values and more traditional conservation argu-
ments to develop future restoration schemes that benefit both biodiversity and people.

Supporting Information
S1 Dataset. Recreational survey data from questionnaires at Ouse Fen and Fen Drayton.
(DOCX)

S1 Text. Interview questions for visitors at Ouse Fen.
(DOCX)

S2 Text. Interview questions for visitors at Fen Drayton.
(DOCX)

Acknowledgments
We extend our thanks to the following people and organisations for their assistance with this
study: David Atkinson, Jennifer Birch, Dan Burling, Brian Chapman, Andy Cotton, Environ-
ment Agency (England), Hanson (UK), Francine Hughes, Bernard Hunt, Nigel Leader-Wil-
liams, Margaret Lumb, Deborah Marchant, Nigel Symes and numerous other RSPB staff. We
also thank three anonymous reviewers for constructive comments on an earlier version of
the manuscript.

Author Contributions
Conceived and designed the experiments: LJ KSHP AB RBB. Performed the experiments: LJ
KSHP RHF RBB. Analyzed the data: PJB LJ RHF. Contributed reagents/materials/analysis
tools: LJ KSHP RHF RBB. Wrote the paper: PJB LJ KSHP RHF ABMAM RBB.

References
1. Bide T, Brown T, Hobbs S, Idoine N. United KingdomMinerals Yearbook 2013. OR/14/036: 2013.

2. Davies AM. Nature After Minerals—Howmineral site restoration can benefit people and wildlife: the re-
port. RSPB. Sandy, UK; 2006.

3. Ratcliffe D. Ecological effects of mineral exploitation in the United Kingdom and their significance to na-
ture conservation. Proceedings of the Royal Society of London A Mathematical and Physical Sciences.
1974; 339: 355–372.

4. Beneš J, Kepka P, Konvička M. Limestone quarries as refuges for European xerophilous butterflies.
Conservation Biology. 2003; 17: 1058–1069.

5. Santoul F, Figuerola J, Green AJ. Importance of gravel pits for the conservation of waterbirds in the Ga-
ronne river floodplain (southwest France). Biodiversity & Conservation. 2004; 13: 1231–1243.

Ecosystem Services fromMineral Sites Restored for Nature Conservation

PLOS ONE | DOI:10.1371/journal.pone.0121010 April 20, 2015 18 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121010.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121010.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121010.s003


6. King H. Introducing an ecosystem services approach to quarry restoration. Cranfield, UK: Cranfield
University; 2013.

7. Balmford A, Bruner A, Cooper P, Costanza R, Farber S, Green RE, et al. Economic reasons for con-
serving wild nature. Science. 2002; 297: 950–953. PMID: 12169718

8. Kangas K, Luoto M, Ihantola A, Tomppo E, Siikamäki P. Recreation-induced changes in boreal bird
communities in protected areas. Ecological Applications. 2010; 20: 1775–1786. PMID: 20945775

9. Rey Benayas JM, Newton AC, Diaz A, Bullock JM. Enhancement of biodiversity and ecosystem ser-
vices by ecological restoration: a meta-analysis. Science. 2009; 325: 1121–1124. doi: 10.1126/
science.1172460 PMID: 19644076

10. de Groot RS, Blignaut J, Ploeg S, Aronson J, Elmqvist T, Farley J. Benefits of Investing in Ecosystem
Restoration. Conservation Biology. 2013; 27: 1286–1293. doi: 10.1111/cobi.12158 PMID: 24112105

11. Lienhoop N, Messner F. The economic value of allocating water to post-mining lakes in East Germany.
Water Resources Management. 2009; 23: 965–980.

12. Fischer J, Brosi B, Daily GC, Ehrlich PR, Goldman R, Goldstein J, et al. Should agricultural policies en-
courage land sparing or wildlife-friendly farming? Frontiers in Ecology and the Environment. 2008; 6:
380–385.

13. Phalan B, Onial M, Balmford A, Green RE. Reconciling food production and biodiversity conservation:
land sharing and land sparing compared. Science. 2011; 333: 1289–1291. doi: 10.1126/science.
1208742 PMID: 21885781

14. Fischlin A, Midgley G, Price J, Leemans R, Gopal B, Turley C, et al. Ecosystems, their properties,
goods, and services. In: Parry M. L., Canziani O.F., Palutikof J.P., Linden P. J. v. d. and Hanson C. E.,
editors. Climate Change 2007: Impacts, Adaptation and Vulnerability Contribution of Working Group II
to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge:
Cambridge University Press; 2007.

15. Fisher B, Bradbury RB, Andrews JE, AusdenM, Bentham-Green S, White SM, et al. Impacts of spe-
cies-led conservation on ecosystem services of wetlands: understanding co-benefits and tradeoffs.
Biodiversity and Conservation. 2011; 20: 2461–2481.

16. Birch JC, Newton AC, Aquino CA, Cantarello E, Echeverría C, Kitzberger T, et al. Cost-effectiveness of
dryland forest restoration evaluated by spatial analysis of ecosystem services. Proceedings of the Na-
tional Academy of Sciences. 2010; 107: 21925–21930. doi: 10.1073/pnas.1003369107 PMID:
21106761

17. Office for National Statistics. 2011 Census Population Analysis. Available: http://www.ons.gov.uk/ons/
publications/index.html. Accessed 2015 Jan 5.

18. Hudson C. RSPBOuse Fen Management Plan April 2008—March 2013. Sandy, UK: RSPB; 2008.

19. Peh KS-H, Balmford A, Bradbury RB, Brown C, Butchart SH, Hughes FM, et al. TESSA: A toolkit for
rapid assessment of ecosystem services at sites of biodiversity conservation importance. Ecosystem
Services. 2013; 5: 51–57.

20. DEFRA. Structure of the agricultural industry in England and the UK at June. Available: https://www.
gov.uk/government/collections/structure-of-the-agricultural-industry-in-england-and-the-uk-at-june.
Accessed 2014 Sep 15.

21. Anderson-Teixeira K, DeLucia E. The greenhouse gas value of ecosystems. Global Change Biology.
2011; 17: 425–438.

22. Intergovernmental Panel on Climate Change. Guidelines for National Greenhouse Gas Inventories Vol
4. Available: www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html. Accessed 2013 Aug 4.

23. Humphries Rowell Associates Ltd. Needingworth Environmental Statement Section 7: Soils and Agri-
culture. Needingworth Quarry Wetland Habitat Application Environmental Statement Part 2. UK: 1999.

24. Alonso I, Weston K, Gregg R, Morecroft M. Carbon storage by habitat—review of the evidence of the
impacts of management decisions and condition on carbon stores and sources. Natural England Re-
search Reports Number NERR043: 2012.

25. Allard V, Soussana J-F, Falcimagne R, Berbigier P, Bonnefond J, Ceschia E, et al. The role of grazing
management for the net biome productivity and greenhouse gas budget (CO2, N2O and CH4) of semi-
natural grassland. Agriculture, Ecosystems & Environment. 2007; 121: 47–58.

26. Thomas M, Malhi Y, Fenn K, Fisher J, Morecroft M, Lloyd C, et al. Carbon dioxide fluxes over an ancient
broadleaved deciduous woodland in southern England. Biogeosciences. 2011; 8: 1595–1613.

27. Morison J, Matthew R, Miller G, Perks M, Randle T, Vanguelova E, et al. Understanding the carbon and
greenhouse gas balance of forests in Britain. Forestry Commission Research Report. Edinburgh: 2012.

Ecosystem Services fromMineral Sites Restored for Nature Conservation

PLOS ONE | DOI:10.1371/journal.pone.0121010 April 20, 2015 19 / 20

http://www.ncbi.nlm.nih.gov/pubmed/12169718
http://www.ncbi.nlm.nih.gov/pubmed/20945775
http://dx.doi.org/10.1126/science.1172460
http://dx.doi.org/10.1126/science.1172460
http://www.ncbi.nlm.nih.gov/pubmed/19644076
http://dx.doi.org/10.1111/cobi.12158
http://www.ncbi.nlm.nih.gov/pubmed/24112105
http://dx.doi.org/10.1126/science.1208742
http://dx.doi.org/10.1126/science.1208742
http://www.ncbi.nlm.nih.gov/pubmed/21885781
http://dx.doi.org/10.1073/pnas.1003369107
http://www.ncbi.nlm.nih.gov/pubmed/21106761
http://www.ons.gov.uk/ons/publications/index.html
http://www.ons.gov.uk/ons/publications/index.html
https://www.gov.uk/government/collections/structure-of-the-agricultural-industry-in-england-and-the-uk-at-june
https://www.gov.uk/government/collections/structure-of-the-agricultural-industry-in-england-and-the-uk-at-june
http://www.ipcc-nggip.iges.or.jp/public/2006gl/vol4.html


28. Couwenberg J, Augustin J, Michaelis D, Joosten H. Emission reductions from rewetting of peatlands.
Towards a field guide for the assessment of greenhouse gas emissions from Central European peat-
lands. Duene Greifswald/RSPB. Sandy, UK; 2008.

29. Couwenberg J. Greenhouse gas emissions frommanaged peat soils: is the IPCC reporting guidance
realistic. Mires and Peat. 2011; 8: 1–10.

30. DEFRA. Fertiliser Manual (RB209) 8th Edition. TSO London: 2010.

31. Forster P, Ramaswamy V, Artaxo P, Berntsen T, Betts R, Fahey DW, et al. Changes in atmospheric
constituents and in radiative forcing. Chapter 2. In: Solomon S., Qin D., Manning M., Chen Z., Marquis
M., Averyt K.B., Tignor M. and Miller H. L., editors. Climate Change 2007 The Physical Science Basis.
Cambridge: Cambridge University Press; 2007. PMID: 24600996

32. Lang B. Farm Business Survey Crop Production in England 2010/2011 Cambridge, UK: University of
Cambridge; 2012.

33. Bateman IJ, Mace GM, Fezzi C, Atkinson G, Turner K. Economic analysis for ecosystem service as-
sessments. Environmental and Resource Economics. 2011; 48: 177–218.

34. Peh K-H, Balmford A, Field RH, Lamb A, Birch J, Bradbury RB, et al. Benefits and costs of ecological
restoration: Rapid assessment of changing ecosystem service values at a U.K. wetland. Ecology and
Evolution. 2014; 4: 3875–3886. doi: 10.1002/ece3.1248 PMID: 25505517

35. Wells M. Economic Perspectives on Nature Tourism, Conservation and Development. Washington
DC: World Bank; 1997.

36. Johnson AI. Specific yield: compilation of specific yields for various materials. US Government Printing
Office; 1967.

37. Posthumus H, Rouquette J, Morris J, Gowing D, Hess T. A framework for the assessment of ecosystem
goods and services; a case study on lowland floodplains in England. Ecological Economics. 2010; 69:
1510–1523.

38. Lal R. Carbon emission from farm operations. Environment international. 2004; 30: 981–990. PMID:
15196846

39. Raudsepp-Hearne C, Peterson GD, Bennett E. Ecosystem service bundles for analyzing tradeoffs in di-
verse landscapes. Proceedings of the National Academy of Sciences. 2010; 107: 5242–5247. doi: 10.
1073/pnas.0907284107 PMID: 20194739

40. Miller SM, Wofsy SC, Michalak AM, Kort EA, Andrews AE, Biraud SC, et al. Anthropogenic emissions
of methane in the United States. Proceedings of the National Academy of Sciences. 2013; 110:
20018–20022. doi: 10.1073/pnas.1314392110 PMID: 24277804

41. Pretty JN, Noble AD, Bossio D, Dixon J, Hine RE, Penning de Vries FW, et al. Resource-conserving ag-
riculture increases yields in developing countries. Environmental Science & Technology. 2006; 40:
1114–1119.

42. Metzger M, Rounsevell M, Acosta-Michlik L, Leemans R, Schröter D. The vulnerability of ecosystem
services to land use change. Agriculture, Ecosystems & Environment. 2006; 114: 69–85.

43. Hawke C, José P. Reedbed management for commercial and wildlife interests. Sandy, UK: RSPB;
1996.

44. Environment Agency England. Great Ouse River Discharge Dataset. Accessed March 2014 via Free-
dom of Information request. 2014.

45. Kaltenborn BP, Bjerke T. Associations between environmental value orientations and landscape pref-
erences. Landscape and Urban Planning. 2002; 59: 1–11.

46. Arnberger A, Eder R. Exploring the heterogeneity of rural landscape preferences: an image-based la-
tent class approach. Landscape Research. 2011; 36: 19–40.

47. Morey E, Thiene M, De Salvo M, Signorello G. Using attitudinal data to identify latent classes that vary
in their preference for landscape preservation. Ecological Economics. 2008; 68: 536–546.

48. Plummer ML. Assessing benefit transfer for the valuation of ecosystem services. Frontiers in Ecology
and the Environment. 2009; 7: 38–45.

49. Burkhard B, Kroll F, Nedkov S, Müller F. Mapping ecosystem service supply, demand and budgets.
Ecological Indicators. 2012; 21: 17–29.

50. Seppelt R, Dormann CF, Eppink FV, Lautenbach S, Schmidt S. A quantitative review of ecosystem ser-
vice studies: approaches, shortcomings and the road ahead. Journal of Applied Ecology. 2011; 48:
630–636.

51. Kareiva P, Marvier M. What is conservation science? BioScience. 2012; 62: 962–969.

52. DEFRA. Agriculture in the United Kingdom. Available: https://www.gov.uk/government/collections/
agriculture-in-the-united-kingdom. Accessed 2014 Sep 1.

Ecosystem Services fromMineral Sites Restored for Nature Conservation

PLOS ONE | DOI:10.1371/journal.pone.0121010 April 20, 2015 20 / 20

http://www.ncbi.nlm.nih.gov/pubmed/24600996
http://dx.doi.org/10.1002/ece3.1248
http://www.ncbi.nlm.nih.gov/pubmed/25505517
http://www.ncbi.nlm.nih.gov/pubmed/15196846
http://dx.doi.org/10.1073/pnas.0907284107
http://dx.doi.org/10.1073/pnas.0907284107
http://www.ncbi.nlm.nih.gov/pubmed/20194739
http://dx.doi.org/10.1073/pnas.1314392110
http://www.ncbi.nlm.nih.gov/pubmed/24277804
https://www.gov.uk/government/collections/agriculture-in-the-united-kingdom
https://www.gov.uk/government/collections/agriculture-in-the-united-kingdom


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


