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Abstract A growing literature aims to identify areas of congruence in the provision of
multiple ecosystem goods and services. However, little attention has been paid to the effect
that temporal variation in the provision of such services may have on understanding of
these relationships. Due to a lack of temporally and spatially replicated monitoring surveys, such relationships are often assessed using data from disparate time periods. Utilising
temporally replicated data for indices of freshwater quality and agricultural production we
demonstrate that through time the biophysical values of ecosystem services may vary in a
spatially non-uniform way. This can lead to differing conclusions being reached about the
strength of relationships between services, which in turn has implications for the prioritisation of areas for management of multiple services. We present this first analysis to
illustrate the effect that the use of such temporally disparate datasets may have, and to
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highlight the need for further research to assess under what circumstances temporal variation of this sort will have the greatest impact.
Keywords Ecosystem services  Temporal variation  Freshwater 
Spatial congruence  Agriculture

Introduction
There is a growing understanding of the benefits that humans derive from ecosystems
(Millennium Ecosystem Assessment 2005; TEEB 2010). A rapidly expanding literature
seeks to quantify the spatial distribution of ecosystem goods and services (e.g. Eade and
Moran 1996; Sutton and Costanza 2002; Chan et al. 2006; Turner et al. 2007; Naidoo et al.
2008; Anderson et al. 2009; Luck et al. 2009; Raymond et al. 2009; Raudsepp-Hearne et al.
2010), often with the objective of identifying areas of high importance for multiple benefits
(e.g. Chan et al. 2006; Anderson et al. 2009).
As well as varying spatially, the provision of ecosystem goods and services can vary
temporally due both to natural changes in ecosystems and/or those induced by human
activity (Nicholson et al. 2009). For example, significant changes in the provision of
ecosystem goods and services have occurred in Europe in the last 50 years across broad
habitat types (Harrison et al. 2010), while land use change coupled with climate change
may have contributed to loss of carbon from soils in the UK (Bellamy et al. 2005; Smith
et al. 2007). Similarly, land use changes alone, such as large-scale urbanization (e.g.
Tianhong et al. 2010) or deforestation (e.g. Martı́nez et al. 2009) can lead to dramatic
reductions in supplies of ecosystem goods and services. Separate from these biophysical
changes the economic values of ecosystem services may also change over time as a
consequence of, for example, the reduction of a particular service increasing the value of
that which remains (Kreuter et al. 2001) or a service becoming more highly valued as
understanding of its importance increases (Farber et al. 2002).
Despite this temporal variability, the limited availability of data on the distribution of
ecosystem services often forces researchers to combine temporally disjunct datasets to
describe spatial patterns and identify areas with high provision of multiple services. A
review of the literature (Table 1) shows that datasets collected over an average time period
of 17.25 years have been combined in studies mapping the distribution of multiple ecosystem services over large spatial scales. While various authors have examined the possible
effects of land cover changes on ecosystem services (Kreuter et al. 2001; Zongming et al.
2005; Martı́nez et al. 2009; Tianhong et al. 2010) changes are assumed to be exclusively
due to variation in land cover and not temporal variation in the biophysical or economic
value of the ecosystem services.
It is difficult to assess the implications of these temporal mismatches in data for the very
reason that they occur, namely that there are few large scale spatially explicit and temporally replicated datasets available. Here, we provide a first analysis of the implications of
temporal mismatches in data on inferences from ecosystem service mapping exercises
using datasets from 1995 and 2000 that provide temporally replicated measures of services
associated with river health and agricultural production. Indices of freshwater quality and
biodiversity in river systems in England and Wales provide information on ‘biophysical
changes’ in ecosystem goods and services. By contrast, our datasets on the spatial distribution of the economic values of agricultural production from 1995 and 2000 represent
changes in ecosystem service values brought about principally by changing market prices.
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Table 1 Range of dates used for assessment of ecosystem services in previous studies in which multiple
services were mapped and where dates for mapping data could be obtained
Study

Range of
data sources

Eade and Moran
(1996)

1977–1992

Chan et al.
(2006)

1996–2003

Ingraham and
Foster (2008)

1978–2002

Naidoo et al.
(2008)

Willemen et al.
(2008)

Anderson et al.
(2009)

RaudseppHearne et al.
(2010)

1961–2000

2000–2005

1981–2005

1988–2007

Ecosystem Service

Temporal data used

Non timber products

Valuation for 1989

Medicinal plants

Valuation for 1992

Carbon storage

Model and valuation based on 1977 and 1990

Existence

Valuation for 1991

Forage production

Modelled based on data from 2003

Recreation

Modelled based on data from 2000 to 2002

Water provision

Modelled based on data spanning 1996–2000

Disturbance prevention

Valuation from studies conducted in 1981,
1987, 1997, 2001

Freshwater regulation
and supply

Valuation from studies conducted in 1997

Nutrient regulation and
waste assimilation

Valuation from studies conducted in 1995,
1981, 2000

Habitat provision

Valuation from studies conducted in 1978,
1987, 1989, 1994, 2000, 2001, 2003

Carbon sequestration

Valuation from studies conducted in 2002

Carbon sequestration

Modelled value for the 1980s

Carbon storage

Estimated as value in 2000

Grassland production of
livestock

Modelled data for 2000

Water provision

30 year average 1961–1990

Arable production

Modelled from data sources from 2000, 2003,
2004, 2005

Plant habitat

Modelled based on data sources from 1990,
2000, 2003, 2002, 2004

Biodiversity

Data 1981–1991, 2008

Carbon

Data for model based on 1984 and 1990
values

Agricultural production

Modelled based on 2007/2008 values

Recreation

Modelled based on 2005 values

Agricultural production
(various)

2001 agricultural census

Drinking water

Average values from data collected 2001

Deer hunting

Data from 1999 database

Tourism

Database accessed 2007

Nature appreciation

Mapped observation of rare species
1988–2007

Summer cottages

2007 tax valuation database

Forest recreation

Database accessed 2005

Carbon sequestration

Modelled data for 2001

Soil phosphorous
retention

Average values from data collected
1995–2001

Soil organic matter

Average values from data collected
1995–2001
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Table 1 continued
Study

Range of
data sources

Ecosystem Service

Temporal data used

O’Farrell et al.
(2011)

2002–2007

Grazing services

Agricultural census from 2002 plus modelled
values

Tourism

Range of previous studies from 2003 to 2007

Water

Data from survey published 2006

We examined (i) how the provision and spatial distributions of individual ecosystem
services changes through time; (ii) how temporal variation in individual services leads to
changing patterns of spatial covariation between services; and (iii) the possible consequences of combining temporally disjunct datasets when evaluating spatial covariation
between ecosystem services.

Materials and methods
Data sources
Freshwater quality
We used monitoring data collected as part of the Environment Agency’s General Quality
Assessment programme for rivers in England and Wales to calculate freshwater quality in
both 1995 and 2000. These were mapped at a 10 9 10 km grid resolution to allow
comparisons with agricultural production. Freshwater taxa are collected using a standard
methodology that involves a three minute kick sample and one minute hand search, full
details of which are provided in Murray-Bligh et al. (1997). Results are collated into a
central database (BIOSYS), from which we extracted sites that were sampled in both 1995
and 2000. We compare two measures of freshwater quality:
(i) Average Score Per Taxon (ASPT)—this measure is based on the sensitivity of taxa
within the community to organic pollution. Each taxon is assigned a score from one to
ten, with ten representing the most sensitive. These values are summarized for the
community within the sample and then this figure is divided by the number of taxa
present. This removes bias associated with differing levels of taxonomic richness
within the river continuum. Within each 10 9 10 km grid cell we calculated an
average of the ASPT value across all sites. ASPT provides an indication of the health
of the aquatic community associated with the provision of supporting services such as
decomposition and nutrient cycling (Covich et al. 1999; Baron et al. 2002) that
underpin the provision of many other services.
(ii) Freshwater biodiversity (taxon richness)—the number of families of freshwater taxa
present within each 10 9 10 km grid cell was calculated based on the taxon’s
recorded presence in any sampling point within each cell. We used family level data
as this was the highest taxonomic level recorded for all taxa; family level data are
likely to be indicative of patterns of species richness (Wright et al., 1998). While
sampling intensity varied between grid cells, there was no evidence that this biased
the measure, with a low correlation between the number of samples per cell and taxon
richness (Spearman’s Rho = 0.096). Freshwater biodiversity provides resilience and
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adaptability within the system reducing the variability of the provision of some
services (e.g. Schindler et al. 2010) and is thought to play a key role in supporting all
ecosystem services (Balvanera et al. 2006; UNEP 2009).
Agricultural production
We defined agricultural production as the gross margin of major crops and livestock [gross
margin = value of output—variable costs, with subsidy payments removed], across
England during 1995 and 2000 at 10 9 10 km grid cell resolution, following the methods
of Eigenbrod et al. (2009). The gross margins were calculated using data from the Farm
Management Handbook for the two time periods (Chadwick, 1995; Beaton et al., 2000)
and values standardised to 2000 prices using the Harmonised Index of Consumer Prices.
Historical data for crop and livestock production were obtained from the June Agricultural
Survey (https://statistics.defra.gov.uk/esg/junesurvey/june_survey.htm) at the ward level
(mean area 1912 ha) for 1995 and 2000.
Analysis
We used Spearman’s rank correlations to compare the spatial distribution of our indicators
of ecosystem services from all possible combinations of time periods and used a bootstrap
procedure (10,000 iterations: R ‘boot’ package; (Canty and Ripley 2009) to calculate 84%
confidence intervals for the correlations, as non-overlapping 84% confidence intervals
indicate significant (a = 0.05) differences between the mean values (Julious 2004) of two
bootstrapped rank correlations. Three comparisons of indicators are possible (ASPT with
taxon richness, ASPT with agricultural production, taxon richness with agricultural production) and three temporal combinations (1995–1995, 2000–2000, 1995–2000). All
statistical analyses were carried out in R 2.9 (R Development Core Team 2009), and all
GIS analyses in ArcGIS 9.2 (ESRI, Redlands, California, USA).

Results
The overall average percentage changes in freshwater quality for England and Wales
between 1995 and 2000 were very low (1.72% increase in ASPT and -2.85% decrease in
taxon richness). However, spatially taxon richness showed marked changes between regions
not exhibited by ASPT (Fig. 1) This is reflected in differences in between-year Spearman
correlation for taxon richness (Rho = 0.73) compared with ASPT (Rho = 0.95).
There was a significant effect of year of sampling for the spatial relationship between
taxon richness and ASPT driven by between-year changes in taxon richness (Table 2).
Using ASPT values from 1995 and taxon richness values from 1995 resulted in a correlation coefficient of Rho = 0.6. Using the 2000 data for each variable resulted in a much
lower correlation coefficient of Rho = 0.38. This change in taxon richness leads to a
strong effect of temporally disjunct datasets. Utilizing taxon richness from 1995 and ASPT
from 2000 results in a stronger relationship (Rho = 0.56) than in the reverse situation
(Rho = 0.35).
Whilst there was a large (30.4%) overall decrease in the value of agricultural production
in England between 1995 and 2000 there was little change in the relative importance of
different regions in contributing to this overall total (Fig. 1) (Rho = 0.97). Results from
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Fig. 1 Percentage change in ecosystem service provision between 1995 and 2000 for a freshwater taxon
richness, b ASPT and c for agriculture production (£/ha). Histograms show the distribution in the percentage
change for each service
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Table 2 The effect of year of
sampling on Spearman’s rank
correlations (with bootstrapped
upper and lower 84% confidence
intervals) between freshwater
taxon richness, ASPT and agricultural production
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Comparison

Years

Spearman’s
rho

Taxon richness
vs. ASPT

1995–1995

0.6

0.57

0.62

2000–2000

0.38

0.34

0.42

1995–2000

0.56

0.53

0.59

2000–1995

0.35

0.31

0.38

1995–1995

0.18

0.14

0.22

2000–2000

0.15

0.11

0.19

1995–2000

0.17

0.13

0.21

2000–1995

0.16

0.12

0.20

1995–1995

0.04

0.00

0.09

2000–2000

0.00

-0.04

0.04

1995–2000

0

-0.04

0.04

2000–1995

0.05

0.00

0.09

Taxon richness vs.
agricultural
production

ASPT vs. agricultural
production

Lower
84% CI

Upper
84% CI

the other comparisons provided no evidence of an effect of temporal variation either within
or between years (Table 2).

Discussion
Our results provide an initial analysis of the effect that temporally disjunct data can have
on the assessment of ecosystem services. The measure of freshwater biodiversity showed
marked changes in the locations that one would identify as experiencing high or low values
over the 5-year period. This variation led to changing patterns in the spatial relationship
between the two freshwater indices using data from concordant years, and has implications
for efforts to identify priority areas for conservation based on the provision of multiple
ecosystem services (e.g. Table 1; see review Seppelt et al. 2011) or to evaluate the contribution made by existing conservation measures such as protected areas for safeguarding
ecosystem goods and services (e.g. Ingraham and Foster 2008; Eigenbrod et al. 2009).
Patterns of covariation between services will be influenced by spatio-temporal dynamics
of both the biophysical processes involved in producing ecosystem services and the socioeconomic processes that affect valuation of services. Using temporally disjunct datasets
therefore has the potential to influence conclusions about relationships between services. It
seems likely that changes in biophysical processes are a common driver of variation in the
provision of ecosystem services. Those associated with land-use change are common and
represent a major driver (Kreuter et al. 2001; Zongming et al. 2005; Martinez et al. 2009;
Tianhong et al. 2010). But such variation can also come about due to intrinsic properties of
the systems that make them prone to large fluctuations through time (e.g. Barbier et al. 2008;
Koch et al. 2009; sea grasses for wave attenuation), climate change (e.g. Thomas et al. 2004;
for biodiversity), or intensive agriculture (e.g. Emmett et al. 2010; loss of soil carbon in
cropped land). In addition, valuation estimates of ecosystem services using WTP can also
exhibit significant changes through time. Although values remain relatively stable over time
periods up to 5 years, over longer periods consistent with the examples provided in Table 1,
this stability is lost as preferences evolve (Skourtos et al. 2009).
We chose to quantify ecosystem services in natural units for each service, which meant
comparing an economic measure for agricultural production with a biophysical measure
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for freshwater services. For our results, we do not consider the mixing of biophysical and
socioeconomic processes in the agricultural layer presents a problem, because patterns of
spatial variation in gross margins are consistent through time (Rho = 0.97), despite large
changes in gross margin at any given location between the two time periods. Instead, the
spatio-temporal changes that we observe are playing out primarily in the freshwater quality
data (specifically taxon richness). An alternative approach would have been to compare
just the biophysical elements of agricultural production to our biophysical measures of
freshwater services, for example, by using yield based measures of output (e.g. tons of
protein or grain). This approach introduces a number of other problems. Without recourse
to market prices (as per Naidoo and Iwamura 2007), there is no obvious way to aggregate
the diversity of agricultural products into a single metric, and focussing on a single or a
small set of agricultural products would lead to large spatial distortions in yield estimates
because of regional specialization of agricultural production systems. Yield-based measures also fail to account for whether output is high because the ecosystem itself is
productive or because the farmers are applying large quantities of fertilisers or other inputs.
A second alternative approach would be to transform the purely biophysical measures used
in the current study into economic units. As freshwater quality is a non-market good, such
an approach would have to rely on non-market valuation measures to ascertain people’s
Willingness to Pay (WTP). Whilst it would be extremely interesting to repeat our study
design using temporally replicated, spatially disaggregated layers of WTP for freshwater
quality, a review of the available data resource of WTP estimates for freshwater quality in
England and Wales suggests that sufficient data are not available for such an analysis. The
main problems lie in (1) the small number of studies relative to the biophysical variation in
river ecosystems; (2) the studies that do exist tend to consider different endpoints (some
studies focus on increasing amounts of flow; other on increasing water quality for wildlife
or ‘ecological improvement’; others on obtaining water quality suitable for swimming);
and (3) units in existing studies are inconsistent (i.e. WTP per km of river versus a single
river versus the entire UK freshwater supply).
Our study highlights the benefits of spatially and temporally replicated monitoring
surveys of ecosystem services that employ consistent reporting metrics and sampling
methodologies through time. Future studies mapping the distributions of multiple ecosystem services should aim to minimize the range of dates during which the data used to
assemble the ecosystem services layers were collected. If some temporal mismatches are
unavoidable, then some discussion is required of the degree of temporal change, of its
spatial distribution, perhaps drawn from smaller scale replicated studies, and of its
potential effects on inferences drawn.
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