
















Figure 3. Co-occurrence of environmental services. In each panel is quantified the spatial overlap between a main service and its co-occurring
services. The y-axis represents the percentage spatial overlap of the overall co-occurring service value available within the main service: maximum
distribution area (top segments or bullet outliers of whisker histograms); the area excluding the lower quartile valued cells (top edge of coloured
histogram), the area from the median to the top valued cells (black horizontal lines); the higher quartile cells valued areas (lower edge of coloured
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between cultural services and urban development. The highest

correlations were found between urban development and cultural

services, and to a lesser degree between ecosystem services. Finally

(iv) priority areas for the provision of overall service value were

located in coastal zones, and in west and east-inland Cornwall

(Figure 4).

From a methodological point of view, our analyses suggest that

using analytical tools, such as the Zonation prioritisation

algorithm, weighting factors between services need to be carefully

tested and selected. For instance a weight factor of 2 or 5 for floods

mitigation would not provoke the expected increase in its

prioritisation scores (Figure 5). Processing a zonation ranking

map with an overestimated weighting produces an unbalanced

prioritisation map where only the weighted input layer is

considered as priority and the other layers importance are

neglected. This is a fundamental issue for scientific knowledge

transfer to landscape management. Moreover, our results suggest

the importance of including other environmental services in

ecosystem service studies since these sets of services often overlap

and must be managed in conjunction with ecosystem services (e.g.

cultural services with urban development, renewable energy with

agricultural production, plant biomass and soil carbon stock in

Figure 3).

Consequences for the distribution and spatial
co-occurrence of services

Our analyses are useful for understanding which co-occurrences

between the distributions of services are potentially useful for

developing higher value landscapes. Negative correlations imply

that different services are spatially segregated, and hence different

areas supply different services. This may be because some areas

are inherently suited to supplying one service. For example, in

Cornwall upland soils are more suited to carbon storage and less

agriculturally productive (in Figure 1: high values of carbon,

visible as clear brown areas in east Cornwall in the soil carbon

map, coincide with low value agriculture landscapes visible as grey

histograms), and the area available within the maximum value grid cells (lowest segments or bottom outliers of histograms). Outliers and maximum
values are not visible when overlapping with quartile upper boundary.
doi:10.1371/journal.pone.0107822.g003

Figure 4. Priority maps for environmental services in Cornwall using different weighting strategies. Blue to black (minimum value) are
the least valuable areas and yellow to red the most valuable. Weight levels stated in maps titles.
doi:10.1371/journal.pone.0107822.g004
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and blue zones on the agriculture map). Alternatively, different

areas may supply different services, because exploitation of one

service is occurring at the expense of others (for example urban

development and agriculture in Figure 3). Positive spatial corre-

lations between ecosystem and environmental services highlight

ecosystems that provide multiple services. Areas supporting

multiple services may be the source of win-win situations, where

ensemble management or conservation of an ecosystem provides

multiple benefits (for example woodland may provide both flood

mitigation and carbon storage), or alternatively may highlight

areas of conflict or trade-offs where maximising provision of one

service may occur at the expense of others (urban development

contrasting with agriculture or flood mitigation). This last pattern

is visible in Figure 1 and 2, where both agriculture and urban

development have high values in west Cornwall. This is also

spatially shown in Figure 4. While looking at positive weights for

urban development in west Cornwall (Figure 4: urban develop-

ment +10 panel), the yellow zone and adjacent red area indicate

highly valuable landscape for urban development, which is

contrasting with the high agricultural productivity scores (see the

same area for the positively weighted map of Agriculture +2 panel

in Figure 4).

Within areas supporting multiple services, we found the co-

occurrence of renewable energy layers (Figure 3 - higher values of

Solar energy in the Wind energy panel and high values of Wind

energy in the Solar energy panel); and the co-occurrence between

energy layers with soil carbon stocks and appropriate flood

mitigation managed landscapes (Figure 3 - energy layers in

Carbon in soil panel and solar energy in Floods mitigation panel).

We also found co-occurrence between high value areas for carbon

stocks in vegetation, recreation and flood mitigation (Table 2;

Figure 3: Carbon in soil panel). These last sets of services are well

suited for ensemble management.

Our results show (Figure 3) that in Cornwall the current

distribution of services such as aesthetic-cultural services vs wind

farms or solar parks have been carried out without critical overlap

between landscape development opportunities from an environ-

mental perspective. Currently, for example, solar parks are located

in low value agricultural areas and we found clustered overlapping

areas of development for renewable energy and carbon stocks on

one side and agriculture and recreation or floods mitigation and

carbon storage on the other side. Such co-occurrences are win-win

situations and do not require trade off choices in a future

perspective of sustainable development. Considering renewable

energy, the management of the overlap between solar parks and

agriculture is complex, while wind turbines currently co-exist with

pasture lands. Trade-off between agricultural production and solar

parks may be overcome in the future by using suspended

photovoltaic panels fully integrated in agriculture [70].

The aesthetic value of landscapes, and how they are impacted

by the presence wind turbines and solar parks represents an on-

going and dynamic debate, which, given the increasing demand

for renewable energy is unlikely to abate. The analytical approach

we developed is well suited for the analysis of such constraints and

the selection of appropriate land management solutions. Different

weighting schemes may be used to explore the dynamic nature of

attitudes towards the aesthetic value of wind turbines and solar

parks. Future development of this approach may incorporate the

potential for such land uses to impact the aesthetic value of

landscapes on a scale beyond the installations themselves.

Prioritizing environmental services
The complexity and diversity of challenges involved in

integrating environmental services into land use planning and

decision-making suggest the need to develop a set of prioritisation

scenarios that are capable of generating more than a single optimal

solution. Prioritization strategies will depend on the political,

technological and social context, as well as the relative values

allocated to different services. For this reason, we first created a

map of unweighted environmental and ecosystem services priority

for maximising the provision of the ensemble of layers (Figure 4:

Unweighted panel); and secondly processed a set of modelling

outputs by adjusting these service weights (Figure 4). Our aim was

better to understand the implications of prioritising one service

and its impacts on the others and provide decision makers and

stakeholders with a tool for discussing solutions. Output prioritisa-

tion maps can inform decision making at scales of 1 km or

aggregations thereof (watershed basin or administrative unit). In

particular, our analyses can identify the potential for balancing two

different management approaches (Figure 6): ‘‘spatial segregation

of services’’, where the management of landscapes areas is

prioritised to maximise the value of one or more services at the

expense of others, or ‘‘ensemble management’’, where manage-

ment for many services is balanced to gain the maximum total

value.

In Figure 6, virtually all points lie above the 1:1 line, implying

that there is limited scope within the region for spatial segregation

of environmental services at the spatial scale used in this study.

Spatial segregation is found in: (i) Urban development: in the

weighting scenario where it has a negative weighting (Figure 6:

Urban development 22 panel) it appears that ensemble manage-

ment of other services could occur in priority areas excluding

much of the urban area of the region, without a high loss of other

service value. However, if urban areas are excluded, some areas of

Figure 5. Sensitivity analysis for weight selection for flood
mitigation. For each weight the cumulative value of flood mitigation
prioritisation performance curves (red line) and the cumulative value of
all the other service performance curves (black line) are shown. A
weight equal to 10 (dotted line) defines a prioritisation map appropriate
to maximise the conservation of areas for flood mitigation purposes
without compromising the overall value of the other services. Lower
weights do not force the zonation algorithm to preserve areas with
strong flood mitigation values while higher weights markedly decrease
the overall cumulative value of other services.
doi:10.1371/journal.pone.0107822.g005
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aesthetic, leisure and tourism services will also lie outside the

priority areas. (ii) Renewable energy: negative weighting of

renewable energy (Figure 6: Renewable energy 25 panel) will

not impact the complementary services (curves similar to the

unweighted scheme) because of the limited spatial extension of

renewable energy production. (iii) Flood mitigation: negative

weights introduced for floods mitigation affect above ground

carbon (Figure 6: Flood mitigation 25 panel). (iv) Plant produc-

tion: positively weighting plant production (Figure 6: Plant

production +10 panel) decreases the overall value of aesthetic

value: we found negative correlation between those two services

(Table 2). (v) Carbon: (Figure 6: carbon 25 panel) in the case

where it gets a negative weighting, land with a high value for

carbon storage can be excluded to some extent for management

for other services. In contrast, even when agriculture is given a

negative weighting, high value agricultural areas are still included

in prioritisation regions, suggesting that ensemble management of

environmental services within the region must include provision

for agricultural services.

Figure 6. Performance curves corresponding to prioritisation simulations with different weighting schemes. In these figures the x-axis
represents the proportion of the total land area removed, starting with the areas with the lowest value for environmental services. The lines show the
proportion of the total service value for each category remaining. Symbols below the 1:1 line show that the service is associated with regions with
low prioritisation under this weighting scheme, and lines above the 1:1 line show that it is associated with regions with a high prioritisation.
doi:10.1371/journal.pone.0107822.g006
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Once determined priority areas, decision makers could proac-

tively manage landscape for promoting their maintenance.

Wildlife conservation has mainly focused on the implementation

of protected areas for biodiversity conservation purposes. Recent

studies have shown that protected areas might not contain and

thus effectively sustain ecosystem services [71].

Conclusions

Our analyses identify priority areas for maximising the overall

value of key services provided within a given region. By varying

the weights allocated to different services, priority areas can be

identified that correspond to different sets of values ascribed to

services. Such priority areas could be the focus for management

and policy at the regional level, ensuring that planning decisions

balance the requirements for ecosystem and environmental

services with purely economic concerns. At the level of national

to international (European) policy, strategies for sustainable

management of landscapes have been discussed. Those include,

as an example, payments for carbon sequestration to alleviate

trade-off between services [13], and reform of subsidies to the

agricultural sector [9,72]. The choice of services to include within

such an analysis, the identification of appropriate weights for

different services, and the development of suitable policy responses

is a subjective process, and should be driven by the requirements

of communities [2,73] rather than the availability of data. Our

findings stress the importance of including both strict ecosystem

services, and environmental services that may be independent of

the functioning of ecosystems (such as renewable energy produc-

tion and space for residential and industrial development) within

the same decision making framework. We conclude the impor-

tance of including a wide range of services linked to regional

sustainable development in the landscape management process,

not restricted to ecosystem services.
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6. Gaston KJ, Ávila Jiménez ML, Edmondson JL (2013) REVIEW: Managing

urban ecosystems for goods and services. J Appl Ecol 50: 830–840.

7. Hauck J, Görg C, Varjopuro R, Ratamäki O, Jax K (2013) Benefits and
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